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ABSTRACT
The theme of this work has been multilayer microwave circuits, and has focused on two 
aspects, namely multilayer interconnects and multilayer antennas. The report provides a 
detailed analysis of unwanted coupling in multilayer interconnections. New data are 
presented on the effects of coupling between conductors in highly integrated, multilayer 
circuits working at frequencies up to 100 GHz. Whilst multilayer circuits greatly reduce 
the circuit size, they introduce unwanted coupling between transmission lines at different 
levels of the multilayer structure. The unwanted coupling due to high packing density 
may detract from the electrical performance of the multilayer package, and this is 
becoming a critical design consideration. To achieve signal transmission with minimal 
interference, the coupling between adjacent lines should be minimized. Using a 
combination of electromagnetic simulation and practical measurement criteria for the 
optimum spacing of conductors in multilayer ceramic packages has been established. The 
work was based around the use of photoimageable thick-film conductors and dielectrics; 
the dielectric had a relative permittivity of 3.9 - 8 and the conductors were silver. Three 
situations were considered; a cross-over structure, a parallel coupled line structure and a 
right angle bend structure, all in a multilayer configuration. All of these geometries were 
modelled using an electromagnetic simulator (ADS -  Momentum®), and the results of 
simulation were confirmed by practical measurement. The practical circuits were 
fabricated on alumina, with the crossover and coupled lines built up with successive 
layers of photoimageable thick-film paste. Using the experimental data, general design 
rules have been developed to summarize the results and provide guidance to the circuit 
designer on the minimum spacing between conductors in a multilayer package. These
design guidelines were then exploited to produce some novel antenna structures using 
multilayer techniques. The antenna designs were fabricated using polymer and 
RT/Duroid materials with frequencies ranging from 10-20GHz. Data are presented on the 
practical performance of the novel antennas, which are five novel variations of an 
antenna based on a travelling wave feed system [1] namely: radiation enhanced travelling 
wave feed circular polarized antenna; dual-ring multilayer circular polarized antenna; 
split-ring triplate antenna; multilayer circular polarized active beam steering antenna; 
compact quadruple polarized concentric ring array.
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CHAPTER 1
INTRODUCTION
1.1 RATIONALE
The rapid growth of microwave communications is generating demand for integrated 
planar components to meet various needs, such as size reduction, high performance, and 
low cost. The use of multilayer circuit configuration makes microwave and RF circuits 
more compact. This, in turn, provides more opportunity for their use in portable 
equipment, as well as offering design flexibility.
Thick film technology is well placed to meet the demands that come with the expansion 
of wireless communication systems into the microwave frequency spectrum. The 
significant advantage of thick-film technology is the combination of low cost and 
feasibility for mass production. Recent rapid progress in novel thick-film materials and 
advanced thick-film circuit patterning techniques has brought improvements that allow 
current thick-film technology to reach beyond its previous frequency limitations and 
make it a good candidate for achieving low cost microwave circuits. One of the great 
advantages of thick film technology is that it provides an excellent method for fabricating 
multilayer circuits. However, like all the other fabrication techniques, the limitations on 
achievable fine line width and fine gap limit the performance of conventional thick film 
microwave microstrip.
In the current work, the aim has been to use multilayer techniques to provide compact 
circuits, and thus unwanted coupling was a key issue. When two unshielded transmission 
lines are placed in close proximity to each other, a fraction of the power present on the 
main line is coupled to the secondary line. In these structures, there is a continuous 
coupling between the electromagnetic fields on the two lines. Coupled lines can be of any 
form depending on the circuit application. Generally they consist of two transmission 
lines, but may contain more than two. The closer the lines are placed together, the
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stronger the interaction between them. This interaction effect, known as desired coupling, 
is an advantage in realizing several important microwave circuit components, such as 
directional couplers and filters.
Interconnects in general have achieved a prominent position in determining the 
performance of high speed digital, RF and microwave circuits. The successful design of 
the highest performance interconnects require considerable knowledge of transmission 
line behaviour.
Multilayer thick-film technology is a very attractive solution to address these needs of 
low cost compact circuits. The circuit size is greatly reduced by stacking the conductors, 
hence coupling between the transmission lines at different levels of a multilayer structure 
become a critical design consideration. Whilst multilayer circuits offer many advantages 
for the microwave circuit designer, unwanted coupling due to high packing density may 
detract from the electrical performance of the multilayer package. Hence this parasitic 
coupling is undesirable and a hindrance in obtaining an optimal solution in circuit design. 
To achieve signal transmission with minimal interference in multilayer structures, the 
coupling between adjacent lines should be minimized. This can be achieved in the design 
phase by performing electromagnetic simulations, whereby the coupling can be reduced 
to an acceptable level by maintaining a suitable separation between the transmission 
lines. New data are presented in this thesis on the effects of coupling between conductors 
in highly integrated, multilayer circuits working at high millimeter and micro-wave 
frequencies. Using the experimental data, general design rules have been developed to 
provide guidance to the circuit designer on the minimum spacing between conductors in a 
multilayer package.
Multilayer techniques are particularly attractive for antennas to meet the demands for 
antennas with flexible polarization and high performance, but fabricated with a reliable 
and economic process. Microstrip patch antennas are very popular radiating elements due 
to their low profile, lightweight, low-cost characteristics and their compatibility with 
MICs. A new concept, whereby a traveling-wave system was used to feed a circular-
2
polarized (CP) microstrip patch array, was established by Lum et a l in [1]. Lum et al. 
presented practical data from 5 GHz prototype antennas to support the new concept. 
Several new extensions to the basic antenna structure are introduced in this thesis that 
shows enhanced radiation. The original antenna structure was further developed to form 
an active array and an antenna with multiple polarization capabilities. One of the benefits 
of the antenna structure under investigation is that the antenna is particularly suitable for 
inclusion in highly integrated multilayer packages.
Motivation o f  the research work:
Extensive information on the modem planar lines such as microstrip, slotlines and the 
like can be readily found in the literature. At the next level of complexity are the various 
functional circuits which use the elemental transmission line in different configurations to 
achieve the desired functionality and meet system performance requirements. Much of 
this functionality involves coupling between transmission lines and extensive research 
has been conducted in the design and analysis of such structures. With the evolution and 
the popularity of the planar transmission lines, it was felt desirable to include microstrip 
lines in multilayer structures forming compact circuitry. In preceding work in microstrip 
line associated coupling, coupling is used as means of achieving a specific function and 
performance, whereas in many cases coupling is not desirable and can create problems. 
This electromagnetic interference problem is encountered by any circuit designer. To try 
to cover the topic of coupled circuits in its entirety, this research work has been carried 
out to bring about an awareness of the cross-talk problem and provide ways to mitigate 
this problem with the aid of multilayer format. The work has provided essential 
information for the designer to permit the use of multilayer structure format as the 
building block for the type of multilayer circuit one wish to design. The data was then 
incorporated in designing several novel multilayer antenna structures.
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Objectives:
• To characterize interconnections in multilayer ceramic circuits
• To develop new design guidelines on the spacing of conductors in multilayer 
circuits
• To use the knowledge gained on multilayer circuit design to develop several novel 
multilayer antennas
Expectations:
• New design data for multilayer ceramic packages
• New multi-functional antenna, based on multilayer circuit technology
The key contributions o f  this report are:
•  The identification of unwanted coupling in microwave and millimeter-wave 
multilayer circuits
• The development of design rules to optimize the layout of multilayer circuit 
packages
• The development of a computer program to determine the minimum spacing 
required in a multilayer structure.
• The identification of key factors required to design a multilayer antenna structure
• The development of several new passive and active antenna structures
1.2 OVERVIEW OF THE REPORT
The research work presented in the report can be divided into two main categories.
(1) Unwanted coupling in multilayer structures, considering in particular:
(i) Cross-over Structure
(ii) Coupled Line Structure
(iii) Bend Structure
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(2) Multilayer antennas, addressing in particular:
(i) Radiation Enhanced Travelling Wave Feed Circular Polarized Antenna
(ii) Dual-Ring Multi-Layer Circular Polarized Antenna
(iii)Split-Ring Triplate Antenna
(iv)Multi-Layer Circular Polarized Active Beam Steering Antenna
(v) Compact Quadruple Polarized Antenna
The first half of this report discusses microstrip line structures in detail. The 
aforementioned microstrip structures were analyzed in a multilayer configuration and 
equations for minimum conductor spacing were obtained. The second half of the report 
concentrates mainly on the antenna design. The design rules obtained for minimum 
spacing between conductors in a multilayer structure were then applied in designing the 
multilayer antenna structures. The relationships between the various components of the 
work are indicated on the project summary shown in Fig. 1.1.
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CHAPTER 2
LITERATURE REVIEW 
2.0 INTRODUCTION
The thesis work has made use of microstrip interconnections, both for the antennas and 
for examining unwanted coupling in multilayer structures. So this chapter introduces the 
key design parameters for microstrip, which the author has used in the thesis.
In the later work of the thesis, the author examined new forms of CP antennas, based on 
microstrip format. The basic theory and equations, which were used in the novel designs 
are given here for reference.
2.1 MICROSTRIP LINES
Microstrip lines are by far the most popular transmission line used in microwave 
engineering for planar circuit design. Microstrip is the standard form of interconnection 
transmission line used at low microwave frequencies, up to 40GHz. It has an open 
structure that makes it convenient for surface mounting active components and for 
forming planar antennas. A microstrip line consists of an insulating substrate, having 
relative permittivity sr, with conductor covering the lower surface to form a ground plane 
and a signal track on the upper surface. The key parameters of a microstrip line are the 
substrate permittivity (sr), the track width (w) and the substrate thickness (h). It is these 
three parameters that determine the characteristic impedance (Zo) of the line and the 
velocity of propagation (Vp) along the line. The track thickness (t) only needs to be 
considered if the track is exceptionally thick, for example more than 10pm. The substrate 
wavelength (Ig) and phase propagation (/?) are then:
Vp _  c Xo
f  f V G reff V S reff
Xg c
Strip conductor
Dielectric Substrate
Ground Plane
Figure 2.1 - Microstrip line
The propagation along a microstrip line (Fig.2.1) is quasi-TEM. Transverse Electro- 
Magnetic [TEM] means that the electric and magnetic fields are entirely directed in a 
plane transverse to the direction of propagation. The E-field pattern of a microstrip line is 
illustrated in Fig. 2.2.
Figure 2.2 -  E-field pattern of a microstrip line [2]
An effective relative permittivity (er,eff) for the propagating wave is defined, because the 
propagating field is not entirely in the substrate, but fringes into the air above the 
substrate.
t (2*4)
(2.2)
(2.3)
8
2.1.1 MICROSTRIP LINE LOSSES
There are three types of microstrip losses, namely the conductor loss, the dielectric loss 
and the radiation loss. The conductor loss and the dielectric loss are the main losses in 
microstrip line components. The main parameters are the loss tangent (tan §), the surface 
roughness of the conductor strip and the substrate. The skin effect has a significant effect 
on the conductor loss.
The losses vary with frequency and increase with increasing frequency. Due to the skin 
effect, at high frequency the current will become more confined to the surface of the 
conductor strip. At low frequency the current that flows in the conductor is uniform. 
When the current flow is uniform, the skin depth of the conductor will be much larger 
than the thickness itself. Therefore losses will be constant at low frequencies [3]. The 
dielectric losses can only be improved by using better dielectric material. The higher the 
value of the loss tangent the higher will be the loss. The surface roughness will result as 
the conductor loss of the microstrip lines. The condition of the surface of the substrate 
and also the conductor line surface is very important as these will affect the conductivity 
of the conductor line [3].
2.1.2 SKIN DEPTH
At microwave frequencies the current flowing through a conductor is concentrated in the 
surface of the conductor and is not uniformly distributed through the cross section of the 
conductor. This phenomenon is known as the skin effect. An alternating current produces 
a changing magnetic field within the conductor. This changing magnetic flux causes an 
induced voltage that opposes the flow of current. The value of the induced voltage will 
depend on the rate of change of magnetic flux, from Faraday’s law. Where the change of 
magnetic flux is greatest, at the centre of the conductor, the maximum induced voltage 
will occur. Thus the current at the centre of the conductor is suppressed; the current is 
forced towards the surface of the conductor. Because the effect depends on the rate of 
change of magnetic flux, on the frequency of the alternating current, it will become very 
significant at microwave frequencies. The skin depth S, is the parameter used to quantify
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the skin effect. It is defined as the depth into the conductor at which the current has 
decreased to 1/e of the surface value.
1
5 = (2.5)
where // is the permeability of the conductor, c  is the conductivity of the conductor and/  
is the frequency of operation.
2.1.3 MICROSTRIP DISCONTINUITIES
An important effect in microstrip transmission lines are the discontinuities. 
Discontinuities exist in all kinds of distributed circuits. They give rise to negligible small 
capacitances and inductances at low microwave frequencies [2]. However, they become 
particularly significant at high microwave frequency and need to be carefully considered, 
and included in the design. Some typical forms of discontinuity are: open ends, right 
angled corners or bends, step width changes, T-junction and cross-junctions.
Righi-angle
ben ti
V s
(a) Open end (b) Bend
(c) T-Junction (d) Step width change
Figure 2.3 -  Various types of microstrip discontinuities and their typical applications
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2.1.4 MULTI-LAYER STRUCTURES
The interest in multilayer microstrip circuits has revived recently due to the development 
of high frequency hybrid MICs. Microstrip lines with high impedance are often required 
in the design of matching networks for mixers and amplifiers. An increase in line 
impedance can be obtained by using multilayer structure without increasing the difficulty 
of fabrication, thus leading to lower cost and higher reliability. The substrate used in 
multilayer microstrip structures may contain several dielectric layers each having 
different dielectric constants and thickness. Thus multilayer microstrip lines will exhibit 
some special performance. Primarily through very tight coupling mechanisms, multilayer 
structures have demonstrated the potential to yield high microwave performance. In 
contrast to conventional single layer microstrip, where the design techniques are well 
documented in the literature, there are little design equations available for multilayer 
structures. Electro-magnetic analysis has to be performed on multilayer microstrip lines 
to obtain the characteristic impedance and relative effective dielectric constant. These are 
essential data for designing various multilayer structures
Microstrip line Substrate 1
Substrate 2
.Substrate 3
cr= Substrate permittivity h = Substrate thickness
Figure 2.4 - Example of a multilayer structure
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2.1.5 SCATTERING PARAMETERS
The scattering matrix is applied to describe the performance of a network by considering 
the behaviours of incident and reflected voltage waves.
ai denotes the complex incident voltage waves with magnitude and phase to the two port
2.5. The scattering parameters of one port are defined and measured when all the other 
ports are terminated matched with a load impedance of the system’s characteristic 
impedance so that the measurement of that port would not be affected by the reflected 
energy from the other ports. The scattering matrix of a two port network can be written as 
follows:
a1 a2*■ -4-
a o
Portl 2 PORT NETWORK Port 2
O o
b2>
b1
Figure 2.5 -  Two port network
network while bt is the complex outgoing voltage waves from the network shown in Fig.
bi. b\
S 11 S 12
(2.6)
a\ a i
The S-parameters are defined as,
S \ l  — — Reflection coefficient at port 1
a\
12
=  — zz^12 Reverse gainai
?  = — =^21 Forward gaina\
^22 Reflection coefficient at port 2ai
Based on the discussions of the scattering parameters, insertion loss and return loss are 
defined as the transmission and reflection coefficients expressed in dB, respectively.
(2.7)
(2.8)
Insertion loss and return loss are the most important parameters for a filter design to 
describe the specifications and performance by its frequency response.
For an N-port network, the scattering matrix provides a complete description of the 
network.
Insertion Loss = -20 log | S21 | dB 
Return Loss = -20 log | Sn | dB
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2.1.6 THICK FILM TECHNOLOGY
Thick film technology is a well-established process that has been in use for many years in 
the microelectronics hybrid fabrication and packaging industry. Thick film devices are 
single or multilayer structures fabricated by depositing a layer of a specially formulated paste 
on a substrate that is usually made of ceramic material. It is generally accepted by the 
industry that a “thick film” layer is in the 0.0003-in. to 0.001-in. thickness range (i.e., 8 pm 
to 25 pm).
The technology offers low conductor and dielectric losses with reasonably good surface 
finishes and the ability to realize fine conductor geometries. Modem thick film 
technology has a place in high frequency market areas due to its enhanced features and 
includes photoimageable thick film techniques.
Thick film technology can be divided into three types: etching of fired thick film; 
photoimaging of photosensitive thick film; direct screen printing. Although thick film 
technology is able to resolve microstrip lines very well, it does so with poor edge 
definition and relatively rough conductor surfaces. The thick film technology is incapable 
of producing the very fine dimensions required by many essential components in 
microwave design such as edge-coupled filter and mixers. With conventional thick film 
technology the track and coupling gap width are limited to approximately 100pm. 
However, with photoimageable thick film techniques, this limitation can be overcome.
The only difference between both techniques is the fact that the standard thick film pastes 
normally used in conventional technology are replaced by a photosensitive material. In 
addition, the development of etchable and photoimageable thick film inks enable 
conductor tracks to be screen printed and further processed to produce edge definition 
comparable with traditional etched process[4]. Good edge definition of film patterns is of 
particular importance in microwave applications. Thick film processing can offer a cheap 
solution for the implementation of circuits in the microwave range.
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The thick film industry is quite diverse and its technologies are used in several fields. The 
industry has expanded considerably over the past decades with the growing need to improve 
and accentuate component properties and achieve higher reliability while minimizing size 
and increasing their space density
2.1.7 DIRECT SCREEN PRINTING
In thick film screen printing the conductor pattern is directly printed onto the substrate, 
through a fine wire mesh covered with an emulsion. Using a photographic process, the 
emulsion is removed to leave a clear screen pattern corresponding to the conductor 
pattern required on the substrate. All other areas of the screen are then opaque with a 
durable photoresist layer.
The screen is then placed in a printing jig, a machine with well defined adjustments and 
controls. The substrate which is to receive the circuit is placed beneath the aperture 
region of the screen, with accurate registration. Registration marks should be used to 
minimize registration problems when lining up the set of screens required to fabricate a 
complete substrate. The most commonly used registration mark is the cross. The substrate 
is held firm by vacuum suction and is usually about one substrate thickness clear of the 
base of the screen. Then a few millimeters of conductor paste [also known as the ink] are 
placed on the screen, between the squeegee and the aperture region. The conductive paste 
is squeezed through the screen to leave a wet conductor pattern on the substrate. When 
printing in both directions the squeegee spreads the ink but when printing in one direction 
it is necessary to use a flood blade to spread the ink for the next printing operation. As the 
squeegee speed increases the deposit thickness decreases. After the paste has been 
deposited onto the ceramic substrate, the paste is allowed to settle. As a result of printing 
through a mesh screen, the deposited film often has the mesh pattern around the 
periphery of the printed line. If the printed substrate is allowed to stand, the wet film will 
settle, resulting in a more uniform thickness. The settling time varies from paste to paste.
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After the film has been allowed to settle, it must be dried. This is usually done at from 
100°C to 150°C. This process is carried out in an oven. The drying process removes the 
volatile materials in the paste. The drying time is again dependant on the paste. Dried 
substrates are fired in a number of ways, most commonly in a small box kiln or in a 
continuous belt furnace. The heating elements and the surrounding tiles can emit 
materials that can contaminate the thick film substrate. This can be avoided by keeping 
the film clean by flushing dry air through it by means of slight incline on the furnace or 
by using forced air [4].
Figure 2.6 -  Thick film screen printer
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2.1.8 PHOTOIMAGEABLE THICK FILM
The photoimageable process is an extension of conventional thick film technology, in 
which standard thick film paste is replaced by a photosensitive material. Photosensitive 
thick film pastes have been developed by combining a photosensitive vehicle and metal 
glass powders, both of which affect the electrical properties and resolution characteristics 
[5]. The photoimageable thick film process steps are as follows: the thick film paste is 
first blank printed over the total area of the substrate. As the ability to print a sharp edge 
feature is not required, the leveling properties of the photosensitive pastes are optimized 
to provide a uniform thick film with very smooth and dense surface, free of pinholes and 
other printing defects. Drying of the printed thick film layer is performed at 100°C for 10 
minutes. No special atmosphere conditions are needed during the printing or subsequent 
drying stages, although some pastes have to be processed in yellow light. The printed and 
dried thick film layer is then exposed to a high intensity ultra-violet light through a 
negative photo mask. The formed photopolymer in the locally exposed areas greatly 
affects the solubility characteristics of the paste creating a latent image on the substrate. 
The unexposed regions are removed during a developing procedure of 10 seconds 
duration using sprayed 0.5% monoethanol amine as the developer [5]. The polymized 
exposed regions remain on the substrate without lifting or peeling from the substrate. 
The firing is performed in a conventional thick film furnace to provide the high density 
thick film structure. Excellent adhesion of narrow tracks with vertical edges is achieved 
after firing of developed substrates. It should be noted that the conductor dimensions are 
defined before the firing step, so some allowance must be made at the layout stage for 
shrinkage during firing. The data will vary according to the photoimagebale thick film 
paste used.
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2.2 MICROSTRIP PATCH ANTENNA
In RF communication there are several types of microstrip antennas. The most common 
printed antenna is the micrsotrip patch antenna. A microstrip patch antenna consists of a 
radiating patch on one side of a dielectric substrate which has a ground plane on the other 
side. These are increasing in popularity for use in wireless applications due to their low- 
profile structure. Microstrip patch antennas radiate primarily because of the fringing 
fields between the patch edge and the ground plane. The thickness of the substrate and 
the dielectric constant affects the performance of a microstrip patch antenna. A thick 
substrate can increase bandwidth, radiation power and provides better efficiency. For 
microstrip patch antenna a low value of dielectric constant for the substrate is preferred as 
it will increase the fringing field at the patch periphery and thus increase the radiation 
power. However, a thick dielectric substrate having a low dielectric constant leads to a 
larger antenna size. In order to design a compact microstrip patch antenna higher 
dielectric constants must be used. This configuration will result in narrow bandwidth and 
less efficiency. Hence a compromise must be reached between antenna dimensions and 
antenna performance.
Some of the advantages and disadvantages o f microstrip patch antennas are listed in 
Table 2.1,
ADVANTAGES DISADVANTAGES
Low profile planar configuration 
Light weight and low volume 
Supports both linear and circular polarization 
Low fabrication cost
Mechanically robust when mounted on rigid surfaces 
Easily integrated with microwave integrated circuits
Narrow bandwidth 
Low efficiency 
Low gain
Extraneous radiation from feeds and junctions 
Low power handling capacity
Table 2.1 - Advantages and disadvantages of microstrip patch antennas
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2.2.1 BASIC ANTENNA PARAMETERS
To describe the performance of an antenna, definitions of various parameters are 
necessary.
Radiation Pattern:
An antenna radiation pattern is a mathematical function or a graphical representation of 
the radiation properties of the antenna as a function of space coordinates. In most cases 
the radiation pattern in specified in the far field region and is represented as a function of 
the directional coordinates [6]. It describes how an antenna directs the energy it radiates. 
Fig. 2.7 shows a radiation pattern of a generic directional antenna. The pattern consists of 
a main lobe and several minor lobes.
Main lobe 
(Major lobe)
Half-power •»
point
Half-power
beamwidth
(HPBW)
First Null 
Beamwidth 
(FNBW)
\ J
Side lobes 
(Minor lobes)
Back lobe
Figure 2.7 -  Antenna radiation lobes
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Gain:
The gain of an antenna is a measure of the ability of an antenna to concentrate power into 
a narrow angular region of space [5]. The power gain and the directivity properties of an 
antenna are the quantities which define the ability of the antenna to concentrate energy in 
a particular direction and give a clear view of the antenna radiation performance. There 
are 2 basic methods that can be used to measure gain, normally the absolute gain and 
gain comparison techniques. The absolute gain method requires no prior knowledge of 
the transmitting or the receiving antenna gain. For identical receiving and transmitting 
antennas, one measurement and use the Friis transmission formula is sufficient to 
determine the gain. In the gain comparison method, a pre-calibrated standard gain 
antenna is used to determine the absolute gain of the antenna under test.
Bandwidth:
The bandwidth of an antenna is defined in [6] as the range of frequencies within which 
the performance of the antenna, with respect to some characteristic, conforms to a 
specific standard. The bandwidth can be considered to be the range of frequencies on 
either side of a centre frequency where the antenna characteristics such as radiation 
pattern, beamwidth, polarization, gain are within an acceptable value of those at the 
centre frequency.
Polarization and Axial Ratio:
Polarization of a radiated wave is defined in [6] as the property of an electromagnetic 
wave describing the time varying direction and relative magnitude of the electric field 
vector. Polarization maybe classified as linear (vertical or horizontal), circular (right- 
hand polarization or left-hand polarization) or elliptical. If the vector that describes the 
electric field at a point in space as a function of time is always directed along a line, the 
field is linearly polarized. Circular polarization exists as two electromagnetic plane waves 
of equal amplitude are differing in phase by 90°. The electromagnetic plane waves of 
unequal amplitudes or at a phase angle other than 90 degrees will result in an elliptically 
polarized wave where the electric field vector still rotates at the same rate but varies in
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amplitude with time. In this case the wave is characterized by the ratio between the max 
and the min values of the instantaneous electric field, known as the axial ratio.
. . . is maxAxial Rat 10 = --------  (2.9)
is min
2.2.2 ANTENNA FEEDING TECHNIQUES
Microstrip patch antennas can be fed by a variety of methods. These methods can be 
classified into two categories- contacting and non-contacting. In the contacting method, 
the RF power is fed directly to the radiating patch using a connecting element such as a 
microstrip line. In the non-contacting scheme, electromagnetic field coupling is done to 
transfer power between the microstrip line and the radiating patch [7]. The four most 
popular feed techniques used are the microstrip line, coaxial probe (both contacting 
schemes), aperture coupling and proximity coupling (both non-contacting schemes) [8]. 
In the Microstrip Line Feed method a conducting strip is connected directly to the edge of 
the microstrip patch. The conducting strip is smaller in width compared to the patch. This 
kind of arrangement has the advantage that the feed can be etched on the same substrate 
to provide a planar structure. In the coaxial feed method the inner conductor of the 
coaxial connector extends through the dielectric and is soldered to the radiating patch, 
while the outer conductor is connected to the ground plane. The main advantage of this 
feeding mechanism is that the feed can be placed at any desired location inside the patch 
in order to match with its input impedance. In aperture couple feed technique the 
coupling between the patch and the feed line is made through a slot or an aperture in the 
ground plane, which separates the radiating patch and the microstrip feed line. The 
amount of coupling from the feed line to the patch is determined by the shape, size and 
the position of the aperture. Since the ground plane separates the patch and the feed line 
spurious radiation is minimized. Proximity coupled feed also known as the 
electromagnetic coupling technique uses two dielectric substrates where the feed line is 
between the two substrates and the radiating patch is on top of the upper substrate. This 
technique offers very high bandwidth while eliminating spurious radiation [9].
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(d) Proximity coupled feed 
Figure 2.8 -  Feeding techniques [10]
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2.2.3. DESIGN OF A MICROSTRIP PATCH ANTENNA
Step 1: Calculation of the patch width (W):
W  =
2 / 0
1 (er + 1)
(2.10)
Step 2: Calculation of effective dielectric constant (s reff):
£ + 1  £ - 1  
£~# -  —  +  —----- 1 + 12
h
W
(2.11)
Step 3: Calculation of the effective length (L eff):
L eff ~
'reff
(2.12)
Step 4: Calculation of the length extension (AL):
( W  ^
( s . , + 0 . 3 )  — + 0.264
A L  =  0.412/2 h
( W   ^
(s reff-  0.258) — + 0.8
V n
(2.13)
Step 5: Calculation of actual length of patch (I):
L  =  L eff -  2 A L (2.14)
2.2.4. MICROSTRIP ARRAYS
In many micrsotrip antenna applications, system requirements can be met with a single 
patch element. In other cases however, systems require a higher antenna gain while 
maintaining a low profile structure, which calls for the development of microstrip arrays. 
An array is formed by multi-radiating elements in a particular geometrical configuration. 
Microstrip arrays, due to their extremely thin profiles offer three outstanding advantages 
relative to other types of antennas: low weight, low profile with conformability and low 
manufacturing cost. Because of these attractive features, many military, space and 
commercial applications are employing microstrip arrays instead of conventional high 
gain antennas such as arrays of horns, helices or parabolic reflectors. However, 
advantages of the microstrip array can be offset by three inherent drawbacks: small 
bandwidth, relatively high feed line loss and low power handling capability. To minimize 
these effects accurate analysis techniques, optimum design methods and innovative array 
concepts are imperative to successful development of a microstrip array antenna.
A travelling wave array like a resonant array has radiating elements dispersed along a 
transmission line. However this array is fed at one end with a load at the other end. As the 
excitation wave travels along the array part of it is radiated leaving only a small part at 
the end to go to the load. Thus elements near the feed must couple lightly to the 
transmission lines while elements near the load must couple heavily. To avoid reflections 
in phase the elements must not be spaced at half wave intervals so that the traveling wave 
array is non resonant. Because of the non resonant spacing the pattern main beam will 
move slightly with frequency. Element spacing can be less than or greater than half wave. 
At each element the power divides, with part producing the element excitation and the 
remainder going on to the next element.
The total field of an array is determined by the vector addition of the fields radiated by 
the individual elements. It is assumed that the current in each case is the same as the 
current in the isolated element. But usually this depends on the separation between 
elements. To provide directive patterns it is necessary that the fields from the elements of
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the array interfere constructively in the desired directions and interfere destructively in 
the remaining space. In an array of identical elements there are 5 controls that can shape 
the overall pattern of the antenna. [6]
■ The number of elements and their relative displacement
■ The geometrical arrangement
■ The relative excitation magnitudes
■ The relative phases between elements
■ The relative pattern of the elements
TWO ELEMENT ARRAY:
A linear array with two elements is shown in Fig. 2.9. The elements are placed on either 
sides of the origin at a distance ^  from it.
P
Figure 2.9 -  A two element linear array [6]
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The total field radiated by the two elements in the far field region at point P, assuming no 
coupling between the elements is given by:
„ „ „ . . k l0l \ e - X W V  , „ , e
Et = El  +  E2 = a Q j r j  <-------------------- |c o s 0 i  | + -
An
COS Gr
r2
(2.15)
where /? is the phase difference between the feed of the two array elements;
d_
2
e  ,■ r
d_
7 \  S '
y y
-z o % G
2
Figure 2.10 - Far-field geometry of a two-element linear array [6]
The magnitude excitation of the radiators is identical. Assuming far-field observations 
and referring to Fig. 2.10,
6l = 6 2 = 6\ (2.16)
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rx=r2 = r For amplitude variations (2.17)
d  nr, = r  cos#
1 2
k = r + —cos 0 
2 2
For phase variations (2.18)
Equation 2.15 reduces to,
Et = ae jt]
k l i t l e - ^  
4 nr
cos9 | [e + cos^ + /?)72 + e ~ (Jkdcos0 + /?)/2j  (2.19)
E, = aej}]
kIJe~lkr , „. „—-------1 cosu 12cos
4 ^ r
-^-(M cos#  +  P ) (2.20)
It is apparent from equation 2.20 that the total field of the array is equal to the field of a 
single element positioned at the origin multiplied by a factor which is the array factor. 
Thus for the two element array of constant amplitude, the array factor is given by:
AF = 2 cos kdcosO + P (2.21)
Which in normalized form can be written as,
AFn = cos r kdcosO + P^ (2.22)
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It has been illustrated that the far zone field of a uniform two element array of identical 
elements is equal to the product of the field of a single element, at a selected reference 
point (usually the origin) and the array factor of that array. This is referred to as pattern 
multiplication for arrays of identical elements.
E (totalpattern) = [E (single element at reference point)]  X[array factor] (2.23)
PHASED (SCANNING) ARRAY:
To achieve a maximum radiation of the array oriented at an angle do (0° < e0< 180°), the 
phase excitation f  between the elements must be adjusted so that,
if/ = kdcos0 + J3 \o = Oo = k d cos0O + /3 = O^>J3 = —k d cos00 (2.24)
Thus by controlling the progressive phase (i//) difference between the elements, the 
maximum radiation can be squinted in any desired direction to form a scanning array.
PHASE SHIFTERS:
To have the ability to steer the main radiation beam arises the necessity of a phase shifter 
which is used to provide a phase change between each array element. There are three 
main types of phase shifters used in microstrip antennas,
■ Loaded line phase shifter
■ Reflection phase shifter
■ Switched line phase shifter
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The antenna design reported in this thesis use a switched line phase shifter. The switched 
line phase shifter consists of two microstrip lines with different electrical length. 
Switching between two ways can achieve a phase shift of fi*A-£ where M =  (I2 ~^i)-
where p  is the phase propagation constant along the transmission lines at the operating 
frequency /  and (12 - €j) is the difference in physical length of the two lines.
Vcontrol
Line length 2
Line length 1
Figure 2.11 -  Switched line phase shifter [11]
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CHAPTER 3
3.1 MULTILAYER CIRCUIT PACKAGES AT MICROWAVE 
FREQUENCIES
Demand is growing for microwave packaged integrated circuits with improved 
performance, lower cost, and smaller size. Multilayer thick-film technology is a very 
attractive solution to address these needs, but there has been no information published in 
the literature on the effects of unwanted coupling in this type of circuit structure. This is 
becoming a key issue in microwave package design, where the designer needs to reduce 
coupling effects but at the same time minimize the size of the package. Using a 
multilayer approach, the circuit size may be significantly reduced by stacking the 
conductors, and this leads to opportunities for the development of new, three-dimensional 
micro-wave structures [12]. As the multilayer microwave circuits become more compact, 
unwanted coupling between the transmission lines on different levels of a multilayer 
structure becomes a critical design consideration. Whilst multilayer circuits offer many 
advantages for the circuit designer, unwanted coupling due to high packing density may 
detract from the electrical performance of the multilayer package. Using electromagnetic 
simulation we have established criteria for the optimum spacing of conductors in 
multilayer ceramic packages. The work was based around the use of photoimageable 
thick-film conductors and dielectrics; the dielectrics had a relative permittivity between 
3.9 and 8, and the conductors were silver. The effect of coupling between conductors on 
different layers was investigated in detail for 20GHz. Three situations were considered; 
firstly the effect of the crossover of conductors separated by dielectric (Fig.3.1), secondly 
the effect of coupling between parallel conductors on different layers (Fig.3.2), and 
finally the coupling between two right-angle conductor bends on different layers 
(Fig.3.3). These configurations were chosen as being representative of the most common 
types of overlapping conductor found in highly integrated multilayer hybrid circuits. 
Based on the results obtained a source code was written using Java programming 
language. The program provides the user with relevant information once it is executed.
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3.1.1 M ICRO STRIP LINE FABRICATION AND M EASUREM ENTS
The testing of microstrip lines was carried out to validate the various parameters o f the 
design structures. The fabrication of microstrip structures needs careful precision and 
delicacy since the lines require precise geometries in order to give good performance. 
Precautions must be taken during the fabrication process to ensure minimum fabrication 
tolerances. The fabrication of the structures was carried out using a screen printing 
process. In our case the process was slightly modified because photoimageable thick film 
pastes were being used. The steps in the fabrication process are:
(1) Screen: The screen was a fine wire mesh (325 wires per inch) covered with an 
emulsion. Using a photographic process the emulsion has been removed to leave 
a clear screen pattern corresponding to the conductor pattern required on the 
substrate.
(2) Screen printing: Silver photoimageable thick film conductor paste, was used as 
the conductive paste. The conductive paste was squeezed through the screen to 
leave a wet conductor pattern on the substrate.
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(3) Drying: The wet pattern was dried using an oven for about 15-20 minutes to 
remove solvents.
(4) Exposure to UV: The photoimageable thick film conductor and dielectric pastes 
contain photosensitive material so that they can be imaged and the pattern formed 
through chemical development. After the wet pattern is dried, it is exposed to UV 
directly through a suitable mask, and then the unwanted material is developed off 
the substrate.
(5) Firing: The dried pattern was then kept in the furnace to leave the final conductor 
pattern. Firing was done at 850°C for about 6-7 hours. This included ramp-up 
time, dwell time and cooling time.
D ev elo p er  UnitO ven  at 10 0 “c  
for 10-15m iriS cre en  Printer F u rn ace up to
850°c
Figure 3.4 -  Thick film photoimageable process
The Hibridas Photosensitive exposure unit and the Hibridas Developing unit were used 
for exposing and the developing of the circuits. The mask alignment was done with the 
aid of Quintel 7000 Mask Aligner (Fig.3.5a) specifically designed to produce critical 
alignments. The HP 8510C vector network analyzer (Fig.3.5b) working from 45MHz -  
40GHz, was used to measure the S-Parameter data of the microstrip structures. Prior to 
using the VNA to measure the S-parameter data of the microstrip structure, it is necessary 
to calibrate the VNA in order to obtain accurate data. A commercial coaxial calibration 
kit was used. The dielectric thickness measurements were carried out with the aid o f a 
Vernier caliper (Fig.3.5c) and a profile meter (Fig.3.5e). With the Vernier caliper the 
average o f the two sides measured was taken into account. The caliper measurements 
were accurate to 0.01mm. The widths of the microstrip lines were measured with the 
measuring microscope (Fig.3.5d).
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(a) Quintel mask aligner (b) Vector network analyzer
->LLfcul_L£Ut_L£wLL£
®01 mm 
SH OCK-PROOF
(e) Profile meter
(c) Vernier caliper (d) Measuring microscope
Figure 3.5 -  Equipment used to measure the multilayer structures at microwave
frequency
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3.2. CROSS-OVER STRUCTURE
In hybrid microwave integrated circuits which are designed with a multilevel 
metallization scheme, crossings take place between conductor interconnections on 
different levels. At microwave frequencies the coupling between crossing strips can be 
significant. In some cases this multilayer conductor coupling can be advantageous as a 
useful circuit component while in other cases this coupling can become an undesirable 
effect that should be minimized. Both of these situations need the modelling and 
characterization of multilayer conductor transmission line structures. These coupling 
effects can be taken into account in the design phase by using empirical equations [13, 
14] and by performing electromagnetic [EM] simulations. In the present work test 
circuits were fabricated on a supporting alumina substrate. The conductors and 
dielectrics forming the multilayer micro and mm-wave circuits, with the appropriate 
cross-overs, were built up with successive layers of (photoimageable) thick-film paste, to 
form the circuit geometry shown in Fig.3.6. The upper and lower conductors each had a 
characteristic impedance of 50F2. The structure was used for investigations with printed 
dielectrics having relative permittivities between 3.9 and 8.
Port 2
TOP MICROSTRIP LINE,
DIELECTRIC LAYER +
BOTTOM MlCROSTRIP* 
LINE
SUBSTRATE LAYER +  -
Port 1
Figure 3.6 - Planar view o f the cross-over structure
TOP CONDUCTOR LAYER +  
DIELECTRIC LAYER •
BOTTOM CONDUCTOR #  
LAYER
SUBSTRATE LAYER #
h = D ielectric Layer 
T h ick n ess
Figure 3.7 -Cross section view of the cross-over structure
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3.2 .1  R e s u l t s  -  C r o s s -o v e r  St r u c t u r e
The behaviour of the multilayer cross-over structure shown in Fig. 3.6 was studied at 
20GHz, through the use of an EM simulator Momentum® (AGILENT Advanced Design 
System). The key parameters of the structure were as follows:
Frequency 20GHz
Conductor [Photoimageable Thick film] Silver
Conductor Thickness 10pm
Substrate Alumina, ADS-96R
Substrate Thickness 0.254mm
MS Line Characteristic Impedance 50E>
Dielectric Thickness [Min. -Max.] 25 pm- 125 pm
Table 3.1 -  Parameters for 20GHz cross-over structure
We performed the simulations for two commercially available dielectrics, namely 
KQ150® and HD1000^, having dielectric permittivities of 3.9 and 8, respectively, and for
a range o f other dielectrics with relative permittivities as shown in Table 3.2.
Dielectric KQ150 Dielectric 1 Dielectric2 Dielectric3 HD 1000
Dielectric Permittivity sr 3.9 5 6 7 8
Table 3.2 -  Dielectrics used for 20GF z cross-over structure
Simulation Results:
Simulation results were obtained for the coupling between port 1 and port 4 as shown in 
Figs. 3.8 and 3.9.
C ro ss-o v er  Structure at 20GHz
o-
60 80 100 
D ie lectric  T h ic k n ess  (um )
120 140 160
KQ150 Er=3.9 HD1000 Er=8
Figure 3.8 -  Coupling of the cross-over for KQ150 and HD1000 dielectric at 20GHz
36
C r o s s -o v e r  S tru c tu re  a t 20G H z
60  80 100 
Dielectric Thickness (um)
120 140 160
DIELECTRIC E r=5 DIELECTRIC E r=6 - + - DIELECTRIC Er=7
Figure 3.9 -  Coupling o f the cross-over for dielectrics 5-7 at 20GHz
It was found that the unwanted coupling, varied nonlinearly with the thickness ([h) o f the 
separating dielectric layer. As expected a decrease in coupling was observed when the 
dielectric thickness was increased. Furthermore it was observed that the lower the 
dielectric constant, the lower the coupling.
Measurement Data:
Cross-over Structure at 20GHz
T3
=r 10 - 8 CF
40 100 120 140
Dielectric Thickness (um)
KQ150 [Er=3.9] HD1000 [Er=8]
Figure 3.10 -  Measured coupling of the crossover structure at 20GHz
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As seen from Figs. 3.8 and 3.10, the measured data are in good agreement with the 
simulated data. The unwanted coupling, varied nonlinearly with the thickness (h) of the 
separating dielectric layer, although the coupling, with the KQ150® dielectric seem to 
decrease almost at a linear rate. As expected a decrease in coupling was observed when 
the dielectric thickness was increased for both KQ150® and HD1000® dielectrics. 
Furthermore it was observed that the lower the dielectric constant, the lower the coupling.
Using the data shown in Figs. 3.8 and 3.9, a curve fitting routine was used to determine 
relationships between the amount of coupling and the spacing, h, for different values of
For the conditions, where |S11| > 15dB, |S12| < 0.5dB, |S14| > 14dB, |S33| > 20dB and 
|S43| < 0.5dB, and for 3.9< sr < 8, the minimum spacing required to achieve sufficient 
isolation between transmission lines, is given by:
h = 27.268sr- 29.903 (3 J)
where, h = separation between the conductors, and er = relative permittivity of the 
dielectric between the conductors.
The return loss and the through loss of both top and bottom transmission lines were taken 
into consideration when determining the minimum spacing between conductors in the 
multilayer structure. The simulated and the measured results are shown in Figs. 3.11- 
3.14, for top and bottom microstrip transmission lines at 20GHz. The results are shown 
for the dielectric KQ150® and HD1000® with permittivities 3.9 and 8 respectively.
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Cross-over Structure at 20GHz - Return Loss of 
the Bottom Microstrip Transmission Line
25
20
15
10
5
0
20 60 8040 100 120 140 1600
D ielectric T hickness (um)
O — KQ150-Simulation Results — HD1000-Simulation Results 
-a— KQ150-Measured Data —■— HD1000-Measured Data
Figure 3 .1 1 -  Return loss of the bottom conductor at 20GHz for the cross-over structure
Cross-over Structure at 20GHz - Through Loss of 
the Bottom Microstrip Transmission Line
8  2 8 ^
(I) 3 5 ? ^  ,
n
c
I I I I I I I I
20 40 60 80 100 120 140 160 
D ielectric T h ickness (um)
^ 0 ^  KQ150-Simulation Results —q — HD1000-Simulation Results 
—a— KQ150-Measured Data —* — HD1000-Measured Data
Figure 3.12 -  Through loss of the bottom conductor at 20GHz for the cross-over structure
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C r o s s -o v e r  S tru ctu re  at 20G H z - R eturn L o s s  o f  
th e  T op  M icrostrip  T r a n sm iss io n  L ine
"50 ..........................................  ...................... ... . .... ... ..............
_  25 - 
CD
FT 15 - 
f? m  -CO lu
c. _
n
20 40 60 80 100 120 140 160 
Dielectric Thickness (um)
—O— KQ 150-Sim ulation R esu lts  — HD 1000-Sim ulation R esu lts  
— a —  K Q 150-M easured D ata —b — H D 1000-M easured Data
Figure 3.13 -  Return loss of the top conductor at 20GHz for the cross-over structure
C r o ss -o v e r  S tru ctu re  at 20G H z - T h rou gh  L o s s  o f  
th e  T op  M icrostrip T r a n sm iss io n  Line
2.5
0 20 40 60 80 100 120 140 160
Dielectric Thickness (um)
—o — K Q 150-Sim ulation R esu lts — HD 1000-Sim ulation R esu lts 
a  KQ 150-M easured Data -  ■ H D 1000-M easured Data
Figure 3.14 -  Through loss of the top conductor at 20GHz for the cross-over structure
As seen from the above graphs the measured and the simulated data follow the same 
trend, and with the exception of one point, these agree within +/- 2dB. These differences 
are acceptable given:
(i) Slight differences can be attributed to the losses introduced at the connectors 
and also to fabrication errors.
(ii) The variation in the dielectric thickness between the conductors +/- 1pm.
(iii) Variations in the simulated responses which were probably due to a limited 
mesh density being used in order to speed up the simulation time.
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3.2.2. EFFEC T OF VARIATIONS IN THE CROSS-OVER ANGLE
The work described in the previous section was extended to consider the effect of 
changing the angle between the conductors. The angle was changed from 90° through to 
0°, as indicated in Fig. 3.15.
The parameters used for the experiment were as follows:
Design Frequency = 20GHz
Substrate = Polymer
Substrate Thickness = 127um
MS Line Characteristic Impedance = 50Q
Angle of the 
Cross-over
Change of 10°Change of 0IJ
Top and Bottom 
conductors in parallel on 
top of each other [180°] 
L------------------------------- 1
Change of 90'
Top Conductor
Bottom Conductor
Figure 3.15 -  Changes in the cross-over angle
Port 3
Top Conductor 
Polymer -  127um 
Bottom Conductor 
Polymer -  127um 
Ground Plane
Port 1
Port 4
Port 2
(a) Cross section of the structure
(b) Definition of the ports 
Figure 3.16 -  Configuration for the cross-over structure
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Simulation Result:
The behaviour of the multilayer cross-over structure shown in Fig. 3.15 was studied 
through the use of an EM simulator Momentum*s (AGILENT Advanced Design System) 
for the varying cross-over angle.
30 <►
100
Change in Angle (Degrees)
|S11 |S12| |S13| |S14|
Figure 3.17 -  Simulated results for the variation angle in the cross-over structure
From Fig. 3.17, it can be seen that good return loss and through loss is observed as the 
angle of the cross-over is varied. However, there is a significant increase in the coupling 
port 1 and port 4 as the angle decreases. This is reasonable, since as the angle tends to 
zero we approach the conventional directional coupler arrangement. So in the context of 
unwanted coupling, it is the effect o f the decreasing angle on [S14| that must be
Figure 3.18 - Variation of the cross-over angle
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Measured Data:
35
30
25
10
5
0
0 20 40 60 80 100
Angle (D egrees)
Figure 3.19 -  Measured Data for the variation angle in the cross-over structure
The measured data for variation of the cross-over angle is shown in Fig. 3.19. The results 
obtained are in very good agreement with the simulated data within +/-ldB . The return 
loss is slightly higher than that simulated. This is due to the mismatch introduced in the 
vicinity of the SMA connectors. Also, there will be some mismatches due to the bends in 
the 50H feed lines as they approach the coupled region. As a result the through line loss 
is also slightly higher than that simulated.
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3.3. PRALLEL COUPLED LINE STRUCTURE
All multilayer circuits have numerous signal interconnections on different layers. At low 
frequencies there is negligible coupling between closely spaced conductors. But at higher 
frequencies the electric and magnetic fields couple the lines together, leading to crosstalk 
[13]. Achieving adequate isolation between transmission lines embedded in multilayer 
substrates is critical for proper circuit performance. However, when transmission lines 
are close together, direct coupling between them is high, particularly where transmission 
lines may be under each other, causing strong broad wall coupling [13]. Therefore, in 
some applications, it is necessary to modify the basic geometry of the inter-connectors to 
reduce or eliminate undesirable coupling effects, thus achieving signal transmission with 
minimal interference.
For the present study, silver thick film conductors with a characteristic impedance of 
50Q, were fabricated on an Alumina substrate. The coupled lines were built up with 
successive layers of (photoimageable) thick-film dielectric pastes, with relative 
permittivity ranging from 3.9 to 8. Fig. 3.20 illustrates the top view of the two conductor 
tracks on different dielectric layers positioned for close coupling. The length o f the 
coupled region was made A/4 to maximize the degree o f coupling between the microstrip 
lines, and thereby emphasize the unwanted coupling effect.
P o r t  2  P o r t  3
DIELECTRiC LAYER
TCP MICROSTRIP LINE 
BOTTQM MICROS T R IP *  
LINE
SUBSTRATE LAYER + - ►
P o r t  1
Port 11Z
Port 4
Port 2HZZ
DPort 3
A/4
]Port 4
Figure 3.20 - Planar view of the coupled lines structure
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TO P CO NDUCTOR LAYER #
DSELECTRiC LAYER #
h = D ielectric Layer 
T h ick n essBOTTOM COND UCTOR 0 -  
LAYER
SU BSTRATE LAYER #
Figure 3.21 - Cross section o f the coupled lines structure
3 .3 .1  R e s u l t s  -  P a r a l l e l  C o u p l e d  L in e  S t r u c t u r e
As before, the behaviour of the multilayer coupled line structure shown in Fig. 3.20, was 
studied through the use of an EM simulator Momentum® {AGILENT Advanced Design 
System). The structure was analysed for 20GHz.
The key parameters o f the parallel coupled line structure are the same as given in Table
3.1 and Table 3.2.
Simulation Results:
C o u p le d  L ine S tr u c tu r e  a t  2 0G H z
30
25
m 20
-a
W 15
CO 10
5
0
-0 —
-Q— -o — ----— o-
20  40  60  80 100 120
Dielectric Thickness (um)
140 160
■ K Q 150 HD 1000
Figure 3.22 -  Coupling of the coupled lines for KQ150 and HD1000 dielectrics at 20GHz
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C o u p le d  Line S tru c tu re  a t  20G H z
^  1 0
60 80 100 
Dielectric Thickness (um)
160120 140
DIELECTRIC Er=5 DIELECTRIC Er=6 - + - DIELECTRIC Er=7
Figure 3.23 -  Coupling o f the coupled lines for dielectrics 5-7 at 20GHz
The unwanted coupling, varied nonlinearly with the thickness (h) of the separating 
dielectric layer. As expected a decrease in coupling was observed when the dielectric 
thickness was increased. With h > 80um, for dielectrics with permittivity 3.9, 7 and 8, 
there was a slight increase of the coupling, although the coupling remained below 18dB. 
Furthermore it was observed that the lower the dielectric constant, the lower the coupling.
Measured Data:
Coupled Line Structure at 20GHz
30
w 10
5 —
0 J - - - - - - - - - - - - - - - - - - - - - - - - T-- - - - - - - - - - - - - - - - - - - - - - T- - - - - - - - - - - - - - - - - - - - - - - - T- - - - - - - - - - - - - - - - - - - - - - - - T- - - - - - - - - - - - - - - - - - - - - - - - - T-- - - - - - - - - - - - - - - - - - - - - - T- - - - - - - - - - - - - - - - - - - - - - - - - T- - - - - - - - - - - - - - - - - - - - - - I
0 20 40 60 80 100 120 140 160
Dielectric Thickness (um)
—<0^ - KQ150 [Er=3.9] -Ch- HD1000[Er=8]
Figure 3.24 -  Measured coupling of the coupled line structure at 20GHz
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As seen from Figs. 3.22 and 3.24, the measured data are in good agreement with the 
simulated data. As expected a decrease in coupling was observed when the dielectric 
thickness was increased for both KQ150® and HD1000® dielectrics. The unwanted 
coupling is below 20dBs for both dielectrics over the measured dielectric thickness. 
Using the data shown in Figs. 3.23 and 3.24, a curve fitting routine was used to determine 
relationships between the amount of coupling and the spacing, h, for different values of
It was concluded that for the conditions, where |S11| > 23dB, |S12| < ldB, |S13| > 8 dB, 
|S14| > 15dB, |S33| > 22dB and |S43| < ldB, and for 3.9< sr < 8 , the minimum spacing 
required to achieve sufficient isolation between transmission lines, is given by:
[72.556 + 101.588 exp (-0.5*((er - 6.85)/1.617)2)] < S < [444.409 -  69.341er -  0.771s,2 + 
1.141s,3 + 0.139s,4 + 0.0013s,5 - 0.0022s, 6  - 0.00037s,7 - 0.00002s, 8 + 5.937e-6s,9] (3.2)
where, h = separation between the conductors, and er = relative permittivity of the 
dielectric between conductors.
As before the return loss and the through loss of both top and bottom transmission lines 
were examined when determining the minimum spacing between conductors in the 
coupled line multilayer structure. The simulated and the measured results are shown in 
Figs. 3.25-3.28, for top and bottom microstrip transmission lines at 20GHz. The results 
are shown for the dielectric KQ150® and HD1000® with permittivities 3.9 and 8  
respectively.
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Coupled Line Structure at 20GHz - Return Loss of
the Bottom Microstrip Transmission Line
40
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20
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0
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Dielectric Thickness (um)
O - KQ150-Simulation Results —□— HD1000-Simulation Results 
KQ150-Measured Data -  ■ HD1000-Measured Data
Figure 3.25 -  Return loss of the bottom conductor at 20GHz for the coupled line structure
Coupled Line Structure at 20GHz - Through Loss 
of the Bottom Microstrip Transmission Line
3 T-
0 20 40 60 80 100 120 140 160
Dielectric Thickness (um)
—O—KQ150-Simulation Results HD1000-Simulation Results
♦ KQ150-Measured Data — HD1000-Measured Data
Figure 3.26 - Through loss of the bottom conductor at 20GHz for the coupled line
structure
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Coupled Line Structure at 20GHz - Return Loss of
the Top Microstrip Transmission Line
30 
_  25
g  2 0  
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^>—KQ150-Simulation Results 
KQ150-Measured Data
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HD1000-Measured Data
Figure 3.27 -  Return loss of the top conductor at 20GHz for the coupled line structure
Coupled Line Structure at 20GHz - Through Loss 
of the Top Microstrip Transmission Line
3
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Dielectric T h ick n ess  (um)
KQ150-Simulation Results — HD1000-Simulation Results 
KQ150-Measured Data —■— HD1000-Measured Data
Figure 3.28 -  Through loss of the top conductor at 20GHz for the coupled line structure
The measured and simulated data are in good agreement within +/-0.5dB. The slight 
differences may be attributed to the additional losses at the high microwave frequency of 
20GHz.
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3.3.2 REGISTRATION ERROR ANALYSIS FOR THE COUPLED LINE 
STRUCTURE
One of the critical aspects of any multilayer circuit design is the degree of registration 
required between the individual layers of the structure. In this section we investigate how 
misalignment errors may have affected our coupling analysis. We considered two parallel 
conductors on different layers having misalignment errors as identified in Figs. 3.29 and 
3.30. The registration error analysis was carried out for 20GHz, for dielectrics KQ150® 
and HD1000®.
I B  ____  % Error
Coupled Lines I
Structure without I
error II I
Coupled Lines 
Structure with 
error
fl>)
Bottom Top Line 
Lme
Figure 3.29 -  Registration error in y-direction in coupled line structure at 20GHz
Coupled Lines 
Structure without
error
(a)
Coupled Lines 
Structure with 
error
<b>
Bottom Top
Line Lm e
{+) Error
Coupled Lines 
Structure without 
error
(a)
Bottom Top 
Lm e Lm e
Coupled Lines 
Structure with 
error
(b>
{-) Error
Figure 3.30 -  Registration error in x-direction in coupled line structure at 20GHz
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Simulation Results:
With the aid of Momentum ®, the various registration errors associated with the multilayer 
coupled line structure were analyzed for KQ150® and HD1000^ dielectrics at the 20GHz.
KQ150 Dielectric:____________________________________________________
C o u p l e d  L in e s  R e g i s t r a t io n  Error A n a l y s i s  a t  
2 0 G H z  - K Q 1 5 0  D ie le c tr ic  [Er=3.9]
s 2  2 5
ii3 o) 20
ai — 15
|  3  1 0
3  0  cWO 5  01
0 2 4 6 8 10 12
Printing Error (%)
Dielectric Thickness (25um) —o— Dielectric Thickness (75um) 
Dielectric Thickness (125um) —x— Dielectric Thickness (175um)
Figure 3.31 -  Registration error in y-direction for 20GHz for KQ150 dielectric
From Fig. 3.31 it can be observed that as the y-direction registration error increases the 
resulting percentage error in coupling increases although the error in coupling becomes 
almost independent of the printing error when this exceeds 8%. Also the resulting error in 
coupling increases as the dielectric thickness increases. Therefore it is recommended to 
have a y-direction error below 2% to achieve a coupling error below 5%.
C o u p l e d  L in e s  S tr u c tu r e  Error A n a l y s i s  a t  
2 0 G H z  -K Q 1 5 0 [E r = 3 .9 ]
8 d  60
m di 
o>.£ 40 
•E Q.
-  5  20 3  O  </> O o _ n££ C  U
0.05 0.1 0.15
(+) Error
0.2 0.25
Dielectric Thickness (um) —a— Dielectric Thickness (50um) 
Dielectric Thickness (75um) —x— Dielectric Thickness (100um)
Figure 3.32 -  (+) Registration error in x-direction for 20GHz for KQ150 dielectric
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C o u p l e d  L in e s  S tr u c tu r e  Error A n a l y s i s  a t 2 0 G H z  
K Q 150[E r=3 .9 ]
0.25
—o— Dielectric Thickness (um) —□—Dielectric Thickness (50um)
—^ — Dielectric Thickness (75um) —x— Dielectric Thickness (100um)
Figure 3.33 -  (-) Registration error in x-direction for 20GHz for KQ150 dielectric
From Figs. 3.32 and 3.33 it is observed that the resulting error percentage in coupling 
increases with the x-direction error. The (+) registration error, explicated in Fig.3.32 
gives a significant error percentage in coupling as the coupled lines are moved away from 
each other. Thus, in order to achieve a minimum coupling error, it is important to have an 
x-direction error below 0.05mm.
HD1000 Dielectric:
C o u p le d  L in e s  R e g is tr a t io n  Error A n a ly s i s  at  
20G H z - H D 1 0 0 0  D ie lectr ic  [Er=8]
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—&— Dielectric Thickness (125um) —x— Dielectric Thickness (175um)
Figure 3.34 -  Registration error in y-direction for 20GHz for HD 1000 dielectric
Fig. 3.34 indicates that as the vertical error of the coupled line structure increases the 
resulting error in coupling increases. It can be seen that after a 10% y-direction error the 
resulting coupling error slightly decreased almost at a constant value, yet maintaining a
l u  c n  30
C a  20
£  .E
0.05 0.1 0.15 0.2
(-) Error
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high resulting error. Therefore, for a coupling error below 10%, the y-direction error 
should be maintained less than 5%. As before the coupling error increases with the 
dielectric thickness.
C o u p l e d  L in e  S tr u c tu r e  Error A n a l y s i s  a t  2 0 G H z  - 
H D 1 0 0 0 [E r= 8 ]
0.25
Figure 3.35 -  (+) Registration error in x-direction for 20GFIz for HD1000 dielectric
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Figure 3.36 -  (-) Registration error in x-direction for 20GHz for F1D1000 dielectric
The horizontal registration is illustrated in Figs. 3.35 and 3.36. The graphs show an 
increase of the coupling error as the x-direction error is increased. For both (+) and (-) x- 
direction error, the minimum resulting error of <10% in coupling is given by an x- 
direction error less than 0.05mm.
Therefore from the above results, it can be concluded that for both dielectrics, to achieve 
minimum coupling error, the coupled line structure should maintain a <5% error in x- 
direction and a <2% error in y-direction, to obtain good results at 20GHz.
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3.4. B end  Str u c t u r e
Microstrip bends are common features o f MMICs. In the past two decades, enormous 
efforts have been made to characterize the transmission properties of microstrip bends in 
single layers. In order to build a complete circuit in microstrip, it is often necessary for 
the path of a strip to turn through a large angle. An abrupt 90° bend in a microstrip will 
cause a significant portion of the signal on the strip to be reflected back towards its 
source, with only part o f the signal transmitted on around the bend. Given that there will 
be significant reflection, and possible radiation, from the corner of the 90° bend, this is 
likely to cause a significant problem of unwanted coupling in multilayer structure. 
Therefore we have extended the existing work on single layer 90° bends to consider the 
effective three-dimensional effects. We considered varying amounts of chamfering, 
following the general design principles given in [15] for single layer components. Fig. 
3.37 shows the top view of the structure to be analyzed, which consisted of two 90° 
conductor bends separated by a layer of dielectric.
Port 3
TOP MICROSTRIP LINE •
T3o
M
DIELECTRIC LAYER # ■ -
BOTTOM MICROSTRIP A  
LINE
SUBSTRATE LAYER f -----
Figure 3.37 - Planar view of the bend structure
TOP CONDUCTOR lAYER # -
DIELECTRIC LAYER #
BOTTOM CONDUCTOR +  
LAYER
SUBSTRATE LAYER •
h = Dielectric Layer 
Thickness
Figure 3.38 - Cross section of the bend structure
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3 .4 .1  R e s u l t s - B e n d  S t r u c t u r e
With the aid o f EM simulator Momentum® (AGILENT Advanced Design System), the 
behaviour o f the multilayer bend structure shown in Fig. 3.37 was analysed. The structure 
was analysed at 20GHz as before.
The key parameters o f the bend structure are shown in Table 3.1 and Table 3.2. 
Simulation Results:
B e n d  S t r u c t u r e  a t 2 0 G H z
- o -
-o-
40 60 80 100 
D ielectric  Thickness (um)
120 140 160
KQ150 (Er=3.9) HD1000 (Er=8)
Figure 3.39 -  Coupling o f the bend structure for KQ150 and FID 1000 dielectric at 20GHz
B e n d  S tr u c tu r e  a t 2 0 G H z
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Dielectric Thickness (um)
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DIELECTRIC (Er=5) DIELECTRIC (Er=6) - + - DIELECTRIC (Er=7)
Figure 3.40 -  Coupling o f the bend structure for dielectrics 5-7 at 20GHz
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It was found that the unwanted coupling between the top and bottom bend microstrip 
lines, varied nonlinearly with the thickness (h) of the separating dielectric layer. As 
expected a decrease in coupling between the coupling ports 1 and 4, was observed when 
the dielectric thickness was increased. The coupling was greater than the previous 
structures observed. This was to be expected since the 90° bend presents a larger 
discontinuity than those previously studied, and hence there will be a greater degree of 
unwanted coupling. Furthermore it was observed that the lower the dielectric constant, 
the lower the coupling.
Measurement Data:
B e n d  S t r u c t u r e  a t  2 0 G H z
60 80 100 
Dielectric Thickness (um)
120 140 160
KQ150 (Er=3.9) HD1000 (Er=8)
Figure 3.41 -  Measured coupling of the bend structure at 20GHz
As seen from Figs. 3.39 and 3.41, the measured data are in good agreement with the 
simulated data. The unwanted coupling, varied nonlinearly with the thickness (h) of the 
separating dielectric layer. As expected a decrease in coupling was observed when the 
dielectric thickness was increased for both KQ150® and HD1000® dielectrics.
Using the data shown in Figs. 3.39 and 3.40, a curve fitting routine was used to determine 
relationships between the amount of coupling and the spacing, h, for different values o f
&r.
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For the conditions, where |S11| > lOdB, |S12| < ldB, |S13| >14dB, |S14| > 9dB, |S33| > 
lOdB and |S43| < 1.5dB, and for 3.9< er < 8, the minimum spacing required to achieve 
sufficient isolation between transmission lines, is given by:
[0.8159 + 21.217 £r] < S < [956.4378 -  277.675£r -  1.854£r2 + 4.32l£r3 + 0.5069e,4 + 
0.00043£t5 - 0.0083£r6 - 0.00135£r7 - 0.00006£r8 + 0.00002£r9] (3.3)
where, h = separation between the conductors, and er = relative permittivity of the 
dielectric between the conductors.
The return loss and the through loss of both top and bottom transmission lines were taken 
into consideration as in previous cases, when determining the minimum spacing between 
conductors in the multilayer structure. The simulated and the measured results are shown 
in Figs. 3.42-3.45, for top and bottom microstrip lines at 20GHz for the bend structure. 
The results are shown for the dielectric KQ150® and HD1000® with permittivities 3.9 and 
8 respectively.
Bend Structure at20GHz - Return Loss of the 
Bottom Microstrip Transmission Line
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0  — s—
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Dielectric T h ick n ess  (um)
KQ150-Simulation Results -o-HD1000-Simulation Results 
KQ150-Measured Data —m HD1000-Measured Data
Figure 3.42 -  Return loss of the bottom conductor at 20GHz for bend structure
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Bend Structure at20GHz - Through Loss of the 
Bottom Microstrip Transmission Line
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Figure 3.43 -  Through loss o f the bottom conductor at 20GHz for bend structure
Bend Structure at20GHz - Return Loss of the 
Top Microstrip Transmission Line
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Figure 3.44 -  Return loss of the top conductor at 20GHz for bend structure
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ABend Structure at 20GHz - Through Loss of the 
Top Microstrip Transmission Line
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Figure 3.45 -  Through loss o f the top conductor at 20GHz for bend structure
As seen from the above graphs the measured and the simulated data are in agreement 
with each other within +/-2dB. The slight variation of values can be due to the losses 
introduced at the connectors and also the fabrication errors. As the losses introduced will 
affect the return loss thus affects the coupling measured between the coupling ports 1 and 
4.
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3.3.1 MITRED MICROSTRIP BENDS
In single layer microstrip circuits the problems associated with sharp 90° bends are 
mitigated by chamfering the comer of the bend as shown in Fig.3.46.
90° Bend
W
T~
T1
1 A N
\
W
T2
(a) (b)
Figure 3.46 -  (a) Bend stmcture discontinuity (b) Compensated bend structure
This has the effect of decreasing the excess capacitance(Q at the comer and increasing 
the inductance (Z) due to the reduction of the track width. Both of these effects help to 
maintain the correct characteristic impedance Zo, through the bend, since,
(3.4)
Therefore, given that the mitred bend has advantages in single layer designs, we 
investigated the extent to which it would introduce or reduce the unwanted coupling in a 
three-dimensional, multilayer structure. In order to emphasize the bend effects we used a 
meander line test structure, since this is commonly found in microwave planar layouts. 
The test structures are shown in Fig. 3.47.
The stmcture was simulated through the use of an EM simulator Momentum® (AGILENT 
Advanced Design System). The stmcture was analyzed at 20GHz. The test circuit was 
fabricated on a supporting polymer substrate, with the following parameters: substrate 
thickness h = 0.254 mm, substrate dielectric constant er = 2.2. The conductors had a 
characteristic impedance of 50Q. The stmcture was investigated at 20GHz. Fig. 3.47
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illustrates the meander line structures examined. The corners of the bend were chamfered 
until best results were obtained.
®  ®  nn
Lh bJ
(a) (b) <f )
Figure 3.47 -  (a) 90° Bend (b) 45° Chamfer (c) 45° Chamfer with excessive chamfering
Simulation Results:
Figs. 3.48 and 3.49 illustrate the S-parameter results obtained for the chamfered meander 
lines shown in Fig. 3.47.
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Figure 3.48 -  Return loss of the meander structures at 20GHz
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Figure 3.49 -  Through loss of the meander structures at 20GHz
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As seen from the above graphs, the return loss and the through loss, gets better as the 
chamfered angle is increased, in the meander structure. For all design purposes the 45° 
chamfer, with excessive chamfering, is the best recommendation.
Measured Data:
The meander structures with different chamfer angles as shown in Fig. 3.50. The return 
loss and the through loss o f the mitred bends were measured. Figs. 3.51 and 3.52 
illustrate the respective s-parameters.
Figure 3.50 -  Meander structures at 20GHz
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Figure 3.51 -  Measured return loss of the meander structures at 20GHz
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Figure 3.52 -  Measured through loss of the meander structures at 20GHz
The measured data pattern is in agreement with the simulated data pattern. The measured 
and simulated data vary in value due to fabrication losses such as undercutting and losses 
introduced by the SMA connections at a high frequency of 20GHz.
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3.6. DISCUSSION
It was clear from the results that significant unwanted coupling can occur between typical 
conductors in a multilayer structure. Consequently it is of some importance to the circuit 
designer to have some design guidelines from which to work, and so avoid the unwanted 
coupling effects. Two microstrip discontinuities namely, a cross junction and a right 
angled bend were analyzed along with a parallel coupled line structure.
In the simulation a loss tangent of 1* 10' 4 was used for KQ150® and a loss tangent of 
1*10' 3 for HD1000®. it was implicit to include the loss tangent because any loss in the 
material would add to the coupling loss. The values used were those given by the 
manufacturers, Heraeus Inc. (for KQ150®) and Hibridas (for HD1000®)
A lower coupling was observed, with the low permittivity dielectrics, at a frequency of 
20GHz, as the dielectric thickness was increased between the conductors. It is also 
important to note that the dielectric losses increase with the separation of the conductors. 
The bend structure gives greater coupling between the multilayer conductors, due to the 
capacitances that arise through additional charge accumulation at the comers. Further 
investigations were carried out for all three structures. It was found that the coupling 
between the input port and the coupled port increased as the angle of the crossed junction 
was increased. For the coupled line stmcture a minimum coupling error percentage given 
by <5% x-direction error and <2% y-direction error was identified to achieve accurate 
results. The bend stmcture was also examined to obtain an optimum chamfer angle.
The measured and simulated data for all stmctures showed good agreement. Errors in the 
physical dimensions and materials may affect the performance of the final circuits. There 
were some uncertain factors during the fabrication process such as shrinkage of the final 
circuits after firing in the furnace, and these errors need to be quantified in an error 
model. Using the experimental data, general design mles have been developed to provide 
guidance to the circuit designer on the minimum spacing between conductors in a
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multilayer package. Moreover, it is shown that these design equations can conveniently 
be included into a simple software package.
For the current work only a single representative frequency was used, but future work 
could apply these same principles over a greater frequency range. Future work should 
also include developing a design rule that combines factors such as frequency, dielectric 
permittivity and the dielectric thickness between conductors, to provide a complete 
design guide giving good isolation between transmission lines in a multilayer structure.
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CHAPTER 4
4.1. MULTILAYER CIRCUIT PACKAGES AT MILLIMETER- 
WAVE FREQUENCIES
Interconnect and packaging design for millimeter-wave monolithic integrated circuits 
(MIMIC's) tend to get more and more difficult at millimeter-wave frequencies due to the 
increased influence of discontinuities and tolerances. To overcome some o f these 
problems, new design rules have been developed based on electromagnetic field 
coupling. For this work we considered the same basic structures discussed in chapters. 
Thus three interconnects investigated were, a symmetric crossover structure of two lines 
formed of a lower conductor layer and a higher conductor layer above a substrate, each of 
the two lines are crossed over to each other, a parallel coupled microstrip line structure 
separated by a dielectric layer and a right angled bend structure. Using electromagnetic 
simulation we have established criteria for the optimum spacing of conductors in 
millimeter-wave multilayer ceramic packages. The work was based around the use of 
photoimageable thick-film conductors and dielectrics; the dielectrics had a relative 
permittivity between 3.9 and 8, and the conductors were silver. The effect of coupling 
between conductors on different layers was investigated in detail for 60GHz and 
100GHz.
Cross-over Coupled Line Bend
Structure Structure Structure
Figure 4.1 -  Structures under investigation at millimeter-wave frequencies
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4.1.1. M ICRO STRIP LINE FABRICATION AND M EASUREM ENTS
Photoimageable thick film printing was employed to fabricate the structures. The 
Hibridas Photosensitive exposure unit and the Hibridas Developing unit were used for 
exposing and developing the circuits. The mask alignment was done with the aid of a 
Quintel 7000 Mask Aligner specifically designed to produce critical alignments with 
alignment accuracy better than +/- lum. The Summit 9000TM Analytical Coplanar- 
waveguide Probe Station with lOOum GSG probes was used to examine the structures. 
The HP8510B Network Analyzer working up to 110GHz was used to measure the S- 
Parameters of the structures working at millimeter-wave frequencies. The dielectric 
thickness measurements were carried out with the aid o f a profile meter. The widths of 
the microstrip lines were measured with a measuring microscope. Fig.4.2 illustrates the 
measuring equipment used for circuits operating at millimeter-wave frequencies.
Figure 4.2 - Millimeter-wave measurement equipment
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With the CPW (Coplanar-waveguide) probe station it was only possible to measure a two 
port network. Therefore it was necessary to effectively change the four port circuits to 
two port networks using 50T& terminations, making it possible to measure the coupling 
(S14) o f the circuits. The modified configurations are shown in Fig. 4.3.
Four port network ■ H a t  Equivalent Two port
V  network
Port 4
C ross-over 
Structure
Port 1 ] Port 2 Port 1 [
Port 3
Parallel
Coupled
Line
Structure
Port 1 port 4
Port 2 Port 3
Port 4
Port 1
Port 2
Port 4
Port 1 £ Port 4
-t>
Bend
Structure
Port 3
Port 1
Bottom conductor line
Top conductor line
Port 4
50D Chip Term ination
Figure 4.3 -  Four port to two port network conversion
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4.2. MICROSTRIP LINE TERMINATION
In microwave and millimeter-wave integrated circuit applications microstrip is one o f the 
most common type of transmission lines used. Standard terminations used with the 
microstrip are load resistors, which give poor performance at higher frequencies [14]. For 
the 100GHz microstrip line structures a 50Q chip resistors, with a working range up to 
108GHz, were used as microstip line terminations. The terminations work up to a 
108GHz, with low insertion loss. The layout of the chip resistor is shown in Fig. 4.4.
U L - 1
L  £ 5 -------------------- -J
Figure 4.4 -  Die layout, mechanical specification of the chip resistor (Units in mil)
The performance o f the chip resistors was evaluated using a microstrip line test structure. 
The structure illustrated in Fig. 4.5 was fabricated on dielectric HDIOOO® with the 
following parameters: substrate thickness h = 50um, dielectric permittivity sr = 8.
Chip Resistoi
Micro strip
Micro strip to 
CTW Transition
MS to CPW Transition
Chip 
Termination
terminationFigure 4.5 -  Chip
One end of the microstrip line was terminated with a coplanar waveguide and the other 
with a chip resistor with the remote end grounded through a VIA. The s-parameter 
measurements were taken with the CPW probe station.
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Since the chip resistors were intended for use in circuits where a bend preceded the 
resistor, test structures were developed that included appropriate bends. Fig. 4.6 
illustrates the configurations used.
a (a) Line 1
(b) Line 2
U
(c) Line 3
■
A (d) Line 4 (e) Line 5
Figure 4.6 -  Microstrip line termination configurations
Simulation Results:
To see the effects of the bends simulations were initially performed on the chip test 
structures with the chip removed and replaced with a 50G through line. Simulations were 
performed in the vicinity of 100GHz, with the following materials: substrate = HD1000®, 
h = 50um, dielectric permittivity sr = 8. The structures were analyzed at 100GHz.
- 20-
o o o
-80-
9 0  9 2  9 4  9 6  9 8  1 0 0  1 0 2  1 0 4  1 0 6  1 0 8  1 1 0
freq, GHz
—  Line 1 Line 2  Line 3 l III IIIIIII!IIII Line 4 ---- Line 5
Figure 4.7 -  Return loss of the termination line configurations at 100GHz
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Figure 4.8 -  Through loss of the termination line configurations at 100GHz
It can be observed from the above graphs that the straight line gives the best return loss 
and through loss. The 135° angled bend gives better results followed by the 135° angled 
double bend line structure. The 90° double bend comparatively shows poor performance 
out of the 5 configurations. This is due to the discontinuity presented by the right angled 
bends.
Several of the chip termination structures were measured for performance evaluation. The 
results obtained were as shown in Fig. 4.9. It can be observed that over 10% o f the 
frequency band of interest the return loss obtained for the termination is less than lOdB. 
Although at 100GHz the return loss obtained was only 5dB, indicating a poor match.
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Figure 4.9 -  Performance o f the chip termination
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It can be observed from Fig. 4.9 (a), (b) and (c) that the return loss at 100GHz is around - 
5dB, which is not satisfactory. But it is important to note several other factors that 
contributed to poor termination characteristics.
1) It was noted that the gap in the CPW was more than that was designed. This was 
due to the shrinkage of the conductor paste after firing the circuit. The overall 
shrinkage was around 20um, considering lOum shrinkage from either side of the 
middle microstrip line in the CPW, resulting in a wider gap.
2) The photoimageable conductor paste was incompatible with the dielectrics used 
by Heraeus, so there were problems with unequal shrinkage and adhesion 
between the layers. This could be overcome by using only materials from one 
manufacturer, but these were not available.
3) The difficulty in mounting the chip termination on the microstrip line. The 
difficulty of the mounting of the chips were twofold:
(i) Without a specialized surface mount machine it was difficult (by hand) 
to position a small amount of solder or conductive paste to secure the 
ends of the chip resistors.
(ii) Once the terminations were mounted with the silver epoxy conductive 
paste, there was a risk of the termination being shorted. This was due 
to two reasons. First being the paste was in semi-liquid form. The 
second was that when placing the chip the displacement of the paste 
resulted in shorting the termination.
4) The amount of silver epoxy conductor paste used to hold the chip terminations 
was different, which resulted in a variation of the S-parameter results.
5) The position of the chip termination on the microstrip line was slightly different 
from one configuration to another causing the results to be unreliable.
However the chip terminations were used to measure the circuits fabricated at 100GHz. 
Another novel form of termination was also investigated as demonstrated in Appendix 
[A.3].
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4.3. CROSS-OVER STRUCTURE
The development of microstrip theory has resulted in transmission-line circuits of 
increased complexity. As circuit packaging densities increase, transmission-line layout 
and routing problems become important. Situations may arise where signal channels must 
geometrically cross each other. A four-port network which allows two signal paths to 
cross over while maintaining high isolation and which is constructed with the use of 
dielectric layers is described. Fig. 4.10 shows the design o f a cross over structure.
Figure 4.10 - Cross-over structure at 100GHz 
4.3 .1 . R e s u l t s  -  C r o s s -o v e r  S t r u c t u r e
The behaviour o f the multilayer cross-over structure shown in Fig. 4.10, was studied at 
60GHz and 100GHz, through the use of an EM simulator Momentum& (AGILENT 
Advanced Design System).
The key parameters of the structure are as follows:
Frequency 60GHz 100GHz
Conductor Silver Silver
Conductor Thickness lOum lOum
Substrate Alumina ADS-96R Alumina ADS-96R
Substrate Thickness 75um 50um
MS Line Characteristic Impedance 50D 50Q
Dielectric Thickness [Min. -Max.] 15um-60um 10um-40um
Table 4.1 -  Key parameters of the cross-over structure
Dielectric KQ150 Dielectric 1 Dielectric2 Dielectrics HD 1000
Dielectric Permittivity sr 3.9 5 6 7 8
Table 4.2 -  Dielectric parameters for the cross-over structure
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4.3.1.1. For 60GHz:
Simulation Results:
Cross-over Structure at 60GHz
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Figure 4.11 - Coupling o f the cross-over for KQ150 and HD 1000 dielectric at 60GHz
Cross-over Structure at 60GHz
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Figure 4.12 - Coupling of the cross-over for dielectrics 5-7 at 60GHz
A decrease in coupling was observed when the dielectric thickness between the 
conductors was increased. It was found that the unwanted coupling between the crossed 
conductors varied nonlinearly with the thickness (h) o f the separating dielectric layer.
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Using the data shown in Figs. 4.11 and 4.12, a curve fitting routine was used to determine 
relationships between the amount o f coupling and the spacing, h , for different values of
£r.
For the conditions, where |S111 > 13dB, |S12| < ldB, |S14| > 12dB, |S33| > 15dB and 
|S43| < ldB, and for 3.9< sr < 8, the minimum spacing required to achieve sufficient 
isolation between transmission lines, is given by:
h = 171.81 -  42. 124s, - 0.512er2 + 0.634s,3 +
0.0002s/  - 0.00001s,8 + 0.0000035s,9 (4.1)
where, h = Separation between the conductors, and er = relative permittivity of the 
dielectrics.
4.3.I.2. For 100GHz:
Simulation Results:
C r o s s -o v e r  S tru ctu re  at 100G H z
Dielectric Thickness (um)
KQ150 (Er=3.9) HD1000 (Er=8)
Figure 4.13 - Coupling of the cross-over for KQ150 and HD 1000 dielectric at 100GHz
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Figure 4.14 - Coupling o f the cross-over for dielectrics 5-7 at 100GHz
Figs. 4.13-4.14, illustrate the simulated results obtained for unwanted coupling in 
100GHz cross-over multilayer circuit. The unwanted coupling between the crossed 
conductors varied nonlinearly as before, with the thickness (h) of the separating dielectric 
layer, with a decrease in coupling when the dielectric thickness between the conductors 
was increased. It was also observed that at millimetre wave frequencies, less coupling is 
obtained as the dielectric constant is greater.
Using the data shown in Figs. 4.13-4.14, a curve fitting routine was used to determine 
relationships between the amount of coupling and the spacing, h, for different values of
Er
For the conditions, where [SI 11 > 13dB, |S12| < ldB, |S14| > lld B , |S33| > 18dB and 
|S43| < ldB, and for 3.9< sr < 8, the minimum spacing required to achieve sufficient 
isolation between transmission lines, is given by:
h = 72.953 -  12.44er -  0.364s/ + 0.164s/ + 0.0228s/  + 0.0005sr5 - 0.00028sr6 - 
0.00005s/ - 0.000003s/  + 0.00000087s/  (4.2)
where, h = Separation between the conductors, and sr = relative permittivity o f the 
dielectrics.
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Measured Data:
Data was obtained for the HD1000® dielectric only due to the difficulties in chip 
placement and the limited number o f chip terminations. The structure was tested for 
dielectric layer separation thickness o f 25um and 40um at 100GHz.
HD1000 dielectric separation thickness 25um:
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Figure 4.15 -  Measured coupling o f the crossover structure at 100GHz for HD 1000 for
25um dielectric separation thickness
From Fig.4.15, good matching was observed at 109GHz for the bottom microstrip line 
and at 91 GHz for the top conductor. The difference of the matching frequency was due to 
the fact that the microstrip line widths were different from that o f the designed width, 
because of the shrinkage of the conductor when firing. For example, the 30um width lines 
for the CPW measurements had shrunk to around 20um. This was a shrinkage of around 
30% and would have a significant effect on the characteristic impedance of the line. The 
measured S21 is well below 15dB.
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HD1000 dielectric separation thickness 40um:
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Figure 4.16 -  Measured coupling of the crossover structure at 100GHz for HD 1000 for
40um dielectric separation thickness
From Fig.4.16, it is observed that the behaviour of the cross-over structure is as same as 
for the 25um dielectric thickness separation at 100GHz. But it is observed that the 
coupling has decreased at 40um than that of 25um dielectric separation.
The measured results do not agree with that of the simulation. This is because o f the 
difference in microstrip line widths and the poor performance o f the chip terminations at 
the frequency of interest.
It was found that the unwanted coupling between the crossed conductors varied 
nonlinearly with the thickness (h) of the separating dielectric layer. As expected, a 
decrease in coupling was observed when the dielectric thickness between the conductors 
was increased.
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4.4. PARALLEL COUPLED LINE STRUCTURE
Coupling between two parallel transmission lines is very common, and an important 
phenomenon, in microwave and millimeter-wave circuits and devices. Many methods 
have been developed to study such coupling. However, in multilayer circuit packages, 
unwanted coupling due to dense integration may detract from proper circuit performance. 
A circuit constructed with two parallel coupled microstrip lines, with each conductors on 
a different layer separated with a dielectric, is described in this section. The results are 
based on high frequency measurement o f the scattering parameters of the coupled line 
system.
Figure 4.17 -  Parallel coupled line structure at 100GHz 
4.4 .1 . R e s u l t s  -  C o u p l e d  L in e s  S t r u c t u r e
As before, the behaviour of the multilayer coupled line structure shown in Fig. 4.17, was 
studied through the use of an EM simulator Momentum® (AGILENT Advanced Design 
System). The structure was analysed for all three frequencies, which were 60GHz and 
100GHz.
The key parameters of the parallel coupled line structure are given in Table 4.1 and 4.2.
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4.4.1.1. For 60GHz
Simulation Results:
Couple Line Structure at 60GHz
s  30 
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Figure 4.18 -  Coupling of the coupled lines for KQ150 and HD 1000 dielectric at 60GHz
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Figure 4.19 -  Coupling of the coupled lines for dielectrics 5-7 at 60GHz
The unwanted coupling varies very slightly almost at a constant value as the dielectric 
thickness between the conductors is increased, although the dielectric with a permittivity
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of 8 showed a significant improvement as the separation thickness increased up to 45um. 
For the high permittivity dielectrics, with sr = 7 and er -  8, the coupling is observed to be 
less than 20dB. A curve fitting routine was used to determine relationships between the 
amount of coupling and the spacing, h, for different values of £r with the data obtained.
Therefore it was concluded that for the conditions, |S11| > 20dB, |S12| < 0.4dB, |S13| > 
15dB, |S14| > 15dB, |S33| > 22dB and |S43| < 0.4dB, and for 3.9< sr < 8, the minimum 
spacing required to achieve sufficient isolation between transmission lines, is given by:
h = 248.968 -  88.704sr + 0.063s/ + 1.4727er3 + 0.168s/ -  0.0000029s/  - 
0.00274s/ - 0.00045s/ - 0.00002s/ + 0. (4 .3 )
where, h = Separation between the conductors, and er = relative permittivity of the 
dielectrics.
4.4.I.2. For 100GHz
Simulation Results:
C o u p led  Line S tru ctu re at 100G H z
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Figure 4.20 -  Coupling of the coupled lines for KQ150 and HD 1000 dielectric at
100GHz
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Coupled Line Structure at 100GHz
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Figure 4.21 -  Coupling o f the coupled lines for KQ150 and HD 1000 dielectric at
100GHz
The unwanted coupling varies very slightly almost at a constant value as the dielectric 
thickness between the conductors is increased. For permittivities 3.9, 5 and 6, the 
coupling remained at -20dB. The dielectric with a permittivity o f 7 showed a significant 
decrease in coupling as the separation thickness increased, while HD1000^ with a 
dielectric permittivity of 8 showed a substantial improvement in coupling between the 
two conductors. The overall coupling is below 20dB, indicating good unwanted coupling.
A curve fitting routine was used to determine relationships between the amount of 
coupling and the spacing, h, for different values of sr with the data obtained from Figs. 
4.20 and 4.21.
Therefore it was concluded that for the conditions, SI 11 > 20dB, |S12| < 0.5dB, [S13| 
>10dB, |S14| > lOdB, |S33| > 25dB, and |S43| < 0.5dB, and for 3.9< sr < 8, the minimum 
spacing required to achieve sufficient isolation between transmission lines, is given by:
h = 46.857-3.42878sr + 0.508s,2 - 0.02sr3 (4.4)
where, h = Separation between the conductors, and sr = relative permittivity o f the 
dielectrics.
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Measured Data:
The coupled line structure was tested for both HD10004i and KQ150'® dielectrics for 
25um and 40um. The test structures were investigated at frequency around 100GHz. The 
results obtained are illustrated in Figs. 4.22 through 4.26.
HD1000 dielectric separation thickness 25um:
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Figure 4.22 - Measured coupling of the coupled line structure at 100GHz for HD 1000 for
25um dielectric separation thickness
Good return loss, below 15dB is observed within 5% of the working frequency, and is 
observed from Fig. 4.22. The chip terminations seem to be properly connected to the 
respective microstrip lines. The coupling is below 30dB.
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HD1000 dielectric separation thickness 40um:
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Figure 4.23 - Measured coupling of the coupled line structure at 100GHz for HD 1000 for
40um dielectric separation thickness
The bottom microstrip line is well matched at 100GHz, while poor matching is observed 
with the top conductor, from Fig. 4.23. This is because the termination is not well placed. 
The unwanted coupling within 5% of the frequency band of interest is below 40dB. Thus 
indicating less coupling between the top and bottom conductor lines. Therefore it can be 
concluded that the coupling decreases with the increasing dielectric thickness.
Even though the simulated data and measured data are not in good agreement due to 
reasons mentioned before. The presence of unwanted coupling in multilayer circuits has 
been established, and quantified.
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Figure 4.24 -  Parallel coupled line structure at 100GHz with KQ150 dielectric 
KQ150 dielectric separation thickness 25um:
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Figure 4.25 - Measured coupling of the coupled line structure at 100GHz for KQ150 for
25um dielectric separation thickness
The microstrip lines are well matched at 100GHz as seen from Fig. 4.25. The return loss 
is below lOdB. The measured S21 is -30dB at the operating frequency.
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KQ150 dielectric separation thickness 40um:
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Figure 4.26 - Measured coupling o f the coupled line structure at 100GHz for KQ150 for
40um dielectric separation thickness
It can be observed that the top microstrip conductor was not well matched from Fig. 4.26. 
The measured S21 is below 35dB. The unwanted coupling is not entirely accurate due to 
the mismatch in the top conductor line.
Although it is difficult to compare the measured results obtained with the simulated 
results, it can be seen that the unwanted coupling in the parallel coupled line circuit 
decreases and the separation increases for both HD1000* and KQ150® dielectric. Once 
again the theory has been proved, though simulated and measured data are not compatible 
with each other due to fabrication errors in the circuit.
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4.4.2 REG ISTRA TIO N  ERRO R ANALYSIS FOR 100GHz
In this section we investigate how misalignment errors may have affected out coupling 
analysis. We considered two parallel conductors on different layers having misalignment 
errors as identified in Figs. 4.27 and 4.28. The registration error analysis was carried out 
for 100GHz, for dielectrics KQ150® and HD1000®.
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Figure 4.27 -  Registration error in y-direction in coupled line structure at 100GHz
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Figure 4.28 -  Registration error in x-direction in coupled line structure at 100GHz
KQ150 Dielectric:
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Figure 4.29 -  Registration error in y-direction for 100GHz for KQ150
From Fig. 4.29 it can be observed that as the y-direction registration error increases the 
resulting percentage error in coupling increases. Also the resulting error in coupling is 
almost the same for all the dielectric thicknesses. It is recommended to have an error in y- 
direction below 2% to achieve accurate results for the coupled line structure.
Registration Error Analysis - Coupled Line 
Structure at 100GHz - KQ150[Er=3.9]
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Figure 4.30 -  (+) Registration error in x-direction for 100GHz for KQ150
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Registration Error Analysis - Coupled Line 
Structure at 100GHz - KQ150[Er=3.9]
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Figure 4.31 -  (-) Registration error in x-direction for 100GHz for KQ150
From Figs. 4.30 and 4.31 it is observed that the resulting error percentage in coupling 
increases with the x-direction error. The error percentage in coupling is increased in a 
linear form. A minimum coupling error <5% can be achieved with an error less than 
0.01mm at 100GHz in the x-direction.
HD1000 Dielectric:
Registration Error Analysis - Coupled Line 
Structure at 100GHz - HD1000[Er=8]
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Figure 4.32 - Registration error in y-direction for 100GHz for HD 1000
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Fig. 4.23 indicates that as the y-direction error of the coupled line structure increases the 
resulting error in coupling increases. It can be seen that a very low coupling error 
percentage is introduced as the y-direction registration error is increased. Therefore, for 
an accurate coupled line structure results, an error <2% is recommended in the y- 
direction.
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Structure at 100GHz - HD1000[Er=8]
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Figure 4.33 -  (+) Registration error in the x-direction for lOOGFlz for HD 1000
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Figure 4.34 -  (-) Registration error in x-direction for 100GHz for HD 1000
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The x-direction registration is illustrated in Figs. 4.33 and 4.34. The graphs show an 
increase of the coupling error as the x-direction error is increased. The (+) error increases 
in a linear form while the (-) error slightly differs from the linear format. For both (+) and 
(-) x-direction error, the minimum resulting error of <5% in coupling is given by an x- 
direction error less than 0.01mm.
From the results, it is observed that for both dielectrics, to achieve minimum coupling 
error, the coupled line structure should maintain a <5% error in x-direction and a <2% 
error in y-direction, to obtain good results at 100GHz.
Figure 4.35 - Example of a (+) registration error in x-direction
It can be concluded that, at 100GHz, for both dielectrics [KQ150®, HD1000®], the 
minimum coupling error percentage is given by a <5% x-direction error and a <2% y- 
direction error.
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4.5. BEND STRUCTURE
A transmission line bend structure includes an electrically conductive strip that forms a 
bend. The work concentrates on a right angle bend. The method proceeds by producing 
information on a dielectric layer between two bend conductor layers indicative of 
unwanted coupling o f the bend structure design. In order to produce final design rules 
simulation and practical investigations were carried out at 100GHz. Fig.4.36 illustrates 
the bend structure investigated.
Figure 4.36 -  Bend structure at lOOGFlz
4.5.1. R e s u l t s  -  B e n d  S t r u c t u r e
With the aid of EM simulator Momentum® (AGILENT Advanced Design System), the 
behaviour o f the multilayer bend structure shown in Fig. 4.36 was analysed. The structure 
was analysed for frequencies, 60GHz and 100GHz.
The key parameters of the bend structure are the same as given in Table 4.1 and 4.2.
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4.5.1.1. For 60GHz:
Simulation Results:
Bend Structure at 60GHz
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Figure 4.37 - Coupling o f the bend structure for KQ150 and HD 1000 dielectric at 60GHz
10
8
m
6
"3-v- 4</)
2
0
Bend Structure at 60GHz
10 20 30 40 50 60 70
D ielectric Thickness (um)
DIELECTRIC (Er=5) — DIELECTRIC (Er=6) - + - DIELECTRIC (Er=7)
Figure 4.38 - Coupling of the bend structure for dielectrics 5-7 at 60GHz
Over the range o f dielectric thickness investigated, there appeared to be significant 
coupling between the right-angled conductors. From Fig. 4.37 and 4.38, the coupling was 
greater than that observed with the previous structures for the same dielectric thickness.
94
This is not an unreasonable result, given that the right angled bend is a far more 
significant discontinuity. Following the technique used previously, a curve fitting method 
was used to determine a relationship between the amount of coupling and the spacing, h, 
for different values of er.
Thus for the conditions, |S11| > lOdB, |S12| < 2dB, |S13| >10dB, |S14| > 8dB, |S33| > 
8.6dB, and |S43| < 2dB, and for 3.9< sr < 8, the minimum spacing required to achieve 
sufficient isolation between transmission lines, is given by:
h = 210.43 -  49.21sr-  1.537sr2 + 0.5947er3+ +
ft 0001 8 e / - ft OOOOle, + ft 00003le r9 (4.5)
where, h = Separation between the conductors, and er = relative permittivity of the 
dielectrics.
4.5.I.2. For 100GHz:
Simulation Results:
Bend Structure at 100GHz
Dielectric Thickness (um)
KQ150 (Er=3.9) HD1000 (Er=8)
Figure 4.39 - Coupling o f the bend structure for KQ150 and HD 1000 dielectric at
100GHz
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Figure 4.40 - Coupling o f the bend structure for dielectrics with permittivities 5-7 at
100GHz
A decrease in coupling was observed when the dielectric thickness between the 
conductors was increased. It was found that the unwanted coupling between the 90° bend 
crossed conductors varied nonlinearly with the thickness (h) of the separating dielectric 
layer. The coupling between the two conductors is high due to the right angle bend 
discontinuity.
Following the technique used previously, a curve fitting method was used to determine a 
relationship between the amount of coupling and the spacing, h, for different values o f sr. 
Thus for the conditions, |S11| > lOdB, |S12| < 2dB, |S13| >10dB, |S14| > 7dB, |S33| > 
9dB, and |S43| < 2dB, and for 3.9< sr < 8, the minimum spacing required to achieve 
sufficient isolation between transmission lines, is given by:
h = 280.461 -  80.308er -  1.777sr2 + 1.0723s,.3 + 0.1448s/  + 0.00341sr5 - 
0.00172sr6 - 0.00032s/  - 0.00002sr8 + 0.000005lsr9 (4.6)
where, h = Separation between the conductors, and sr = relative permittivity of the 
dielectrics.
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Measured Data:
Data was obtained for the HD1000® dielectric only due to the difficulties in chip 
placement and the limited number o f chip terminations. The structure was tested for 
dielectric layer separation thickness o f 25um and 40um at 100GHz.
HD1000 dielectric separation thickness 25um:
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Figure 4.41 -  Measured coupling of the bend structure at 100GHz for HD 1000 for 25um
dielectric separation thickness
Good matching was observed within 5% of the frequency band of interest, referring to 
Fig. 4.41. The measured S21 is below 15dBs for the parallel coupled line circuit with a 
dielectric separation of 25um.
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HD1000 dielectric separation thickness 40um:
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Figure 4.42 -  Measured coupling of the crossover structure at 100GHz for HD 1000 for
40um dielectric separation thickness
The bend structure is well matched at 100GHz. The return loss measured is -15dB as 
shown in Fig. 4.42. The measured S21, which indicates unwanted coupling in the circuit, 
is below 25dB.
The measured results do not tally with that o f the simulation. This is because o f the 
fabrication errors mentioned earlier at the frequency o f interest.
It was found that the unwanted coupling between the bend conductors varied nonlinearly 
with the thickness (h) of the separating dielectric layer. As expected, a decrease in 
coupling was observed when the dielectric thickness between the conductors was 
increased.
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4.6. P r o g r a m
A software package was developed using Java programming language to enable the 
circuit designer to obtain data on the minimum spacing needed between conductors in a 
multilayer package. It enables the design engineer to enter the desired circuit 
requirements, and outputs the minimum spacing. The minimum spacing is given in (pm). 
Fig. 4.43 illustrates the screen dump of the executed program, where by the user is given 
the opportunity to select the frequency, the design structure and the dielectric permittivity 
required. On the right of the screen the user has the opportunity to select the specific S- 
parameter up on which they would like to have the minimum separation calculated. 
‘ALL’ indicates the overall equation that satisfies all the s-parameters listed.
The program utilizes equations obtained from chapter 3 and 4 for the cross, coupled and 
bend structures. Due to fabrication difficulties, it was difficult to validate the 
measurement data for the millimeter-wave frequencies. Therefore, data based on 
simulation results were considered for the program for all three frequencies listed. The 
permittivities o f the dielectric used to separate the top and bottom conductors ranged 
from 3.9-8. The equations were for 20GHz, 60GFIz and 100GHz.
STRUCTURES v1.0
Structure type:
C  Cross-over 
Couple Line 
C  Bend
Dielectric permittivity: 
O 3.9 O 5.0
C  7.0 C  8.0
Frequency:
O  20 GHz 
O 60 GHZ 
C  100 GHz
O 6.0
S-parameter:
Q S 1 1  
O S12
S13 (NA: Cross-over) 
C  S14 
O S33 
O S43 
O  ALL
Display Result Reset Exit
Figure 4.43 - Executable java program
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Fig. 4.44 demonstrates the result calculated by the software along with the corresponding 
equation for minimum spacing between conductors in a multilayer circuit structure.
Result
s-parameter: |S U | >20dB, |S12| <0.5dB, |S13| >10dB, |S14| > lOdB, |S33| >25dB, |S43| <0.5dB 
equation: 46.857 - 3.42878cr + 0.508er2 - 0.02er3 
min. spacing: 40.025057963857655
Figure 4.44 -  Displaying of results
100
4.7. DISCUSSION
New data were obtained for three interconnect structures at millimetre wave frequencies, 
namely a cross-over structure, a parallel coupled line structure and a right angled bend 
structure. These were analysed at 60GHz and 100GHz. For both frequencies it was 
observed that the unwanted coupling decrease as the dielectric separation between the top 
and bottom conductors was increased. This was proved to be true for all three circuits 
investigated, and the effects were quantified.
Practical data were obtained for 100GHz. The results obtained through practical 
measurement did not agree with those from simulation. This was due to the fabrication 
difficulties encountered for such high frequency circuits. The incompatibility of the 
conductor and dielectric pastes, the shrinkage of the conductor paste, the difficulties of 
chip placement on the circuits were some of the difficulties faced during fabrication. But 
these problems can be overcome by the use of appropriate photoimageable pastes and 
proper equipment in particular for chip placement. It would be of great use to measure the 
shrinkage of the conductor paste after firing in order to properly characterize the 
fabrication process, and then to use this data in the design of the circuits. In this way the 
known shrinkage could be compensated at the design stage. The amount of conductor 
paste used to hold the terminations and the position of the chip terminations on the 
microstrip line are also important factors that should be addressed when obtaining 
accurate results at such high frequencies. However, the existence and effects of unwanted 
coupling in multilayer circuits were demonstrated in this chapter. The design rules for 
unwanted coupling at millimetre-wave frequencies were therefore purely based on the 
simulation data obtained. The Java program whose output is illustrated in Figs. 4.43 and 
4.44 were developed to calculate the minimum dielectric separation required, for 
minimum coupling between conductors in a multilayer structure.
The current work can be extended by investigating the circuits under test with several 
other dielectrics available, with appropriate fabrication techniques. Design of a novel 
planar termination, instead of chip resistors, could be further developed with the aid of 
thick-film resistor paste; some specific suggestions for this are given in appendix [A.2].
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The main conclusions for this work were:
(i) The coupling between conductors in a multilayer structure can be very 
significant at high mm-wave frequencies, and the coupling can be directly 
related to the material parameters.
(ii) Practical verification of the data needs surface mount terminations, but these 
cannot be satisfactorily placed without a proper surface mount machine.
(iii) A java program gave useful practical guidelines to the circuit designer.
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CHAPTER 5
5.1. INTRODUCTION TO TRAVELLING WAVE FEED CP 
ANTENNA
The trend in microwave communications for planar components, coupled with high 
packaging density and high performance antennas that combine the potential for 
integration with high functionality, has triggered investigations of new circuit 
configurations and technologies. In this chapter we introduce a new antenna 
configuration that will satisfy these requirements. It is based on a multilayer structure, 
and thus follows from the preceding work on characterizing multilayer interconnections. 
In the proposed design a travelling wave feed system offers high quality circular 
polarization which is a key feature of many existing and developing mobile 
communication systems. The proposed design can be fabricated using thick film 
technology, thus satisfying the demand for high volume microwave circuits at low cost. 
The antenna is light and compact in design. The ability to easily integrate active 
components to the structure is highly advantageous feature. The basic design concept of 
the antenna was originally established by K. Lum and C. Free [1], whereby a travelling- 
wave system was used to feed a circular-polarized microstrip patch array. John Huang 
[16] has demonstrated several configurations for antenna arrays utilizing N elements each 
a linearly polarized patch to generate circular polarization. As presented in [16] an array 
of four probe-fed linearly polarized microstrip patches with element angular orientation 
and feed phase arranged in 0°, 90°, 180°, 270° fashion, can be used to produce circular 
polarization. Several new refinements to the basic antenna structure are introduced in this 
chapter to show how the design can be extended to provide an antenna with enhanced 
radiation. The design was further investigated to establish an active antenna with the 
capability to steer the main radiation beam. One of the key benefits of the new design is 
that the antenna is particularly suitable for inclusion in highly integrated multilayer 
packages.
Later in the chapter data is presented on the practical performance of five novel antennas 
which are variations of the basic travelling wave feed system [1] namely:
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■ Radiation enhanced travelling wave feed circular polarized antenna
■ Dual-ring multilayer circular polarized antenna
■ Split-ring triplate antenna
■ Multilayer circular polarized active beam steering antenna
■ Compact quadruple polarized concentric ring array
5.2. ANTENNA THEORY AND STRUCTURE
The basic travelling wave antenna was composed of 4 planar rectangular radiating 
patches as shown in Fig. 5.1.
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Figure 5.1 -  Configuration of the basic travelling wave antenna [1]
Each patch is linearly polarized and has dimensions Lp and Wp, where Lp is the resonant 
dimension and Wp is the width of the patch, defining the radiating edges. Energy 
travelling in the feed line beneath the patches will excite the patches into resonance and 
cause radiation. The patches are excited with a progressive phase lag of 90° because there 
is an annular spacing of Xg/4 between the patches, thus leading to circular polarization. 
The circumference of the ring is ring is Ag. The antenna feed is either through a circular 
50f2 microstrip channel or through a circular slot line. As the signal travels around the
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ring, there is successive coupling of energy into the patches. There will be a progressive 
loss of energy as the signal propagates around the ring, and to ensure that each patch 
receives the same level of coupled energy, there is a progressive offset of the patches 
relative to the feed line, ensuring that the later patches are more strongly coupled to the 
feed line.
5.2.1 COUPLING MECHANISM
A rectangular patch antenna is positioned on the top conductor plane and the feed line in 
the bottom conductor plane as shown in Fig.5.2. It is expected that a portion o f the signal 
propagation along the feed line in the ground plane will be coupled to the patch antenna 
through the substrate with the amount of coupling dependent on the relative position of 
the feed line and the patch. The feed line is positioned beneath the patch and oriented 
such that it is parallel to side W. If the feed line is located at the centre of the patch there 
will be little coupling. With the location of the feed line nearer to the radiating edge W of 
the patch a portion of the travelling wave will be coupled to the resonant patch though the 
substrate. The distance between the centre o f the feed line and the centre of the resonant 
patch is defined as the offset in this research work.
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Radiating Patch
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J  1 - .................... n
Offset ,
! ----------------- '
i— Radiating- Patch— , 
i Antenna on i
! - .  -Conductor. Plane -  .i
Lr J/Vidth Wp j
Figure 5.2 -  Offset
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5.3. ANTENNA MEASUREMENT
The testing of the antennas was carried out to ensure that they met the specification, and 
also to characterize them. Various parameters of the antenna were measured to validate 
the design. The radiation pattern, gain and the polarization of the antennas were measured 
in an anechoic chamber, which is a chamber lined with radar absorbing material to 
eliminate reflections from the walls. The measurement set up is illustrated in Figs. 5.3 
and 5.4.
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Figure 5.3 -  Antenna measurement
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Figure 5.4 -  Anechoic chamber for antenna measurements
Typical distances between the receiver transmitter during the radiation pattern 
measurement should be well into the far field region which is usually greater than lOAo- 
The far field range used was 1.5m. Also, the antenna under test was positioned 
reasonably high from the ground to avoid received signals from the specular ground 
reflection. Similarly the equipment was spaced an adequate distance from the chamber 
walls.
Usually there are two basic methods to measure the gain of an antenna. The absolute gain 
method and the gain comparison method. The absolute gain method requires no a priori 
knowledge of the transmitting or receiving antenna gain. If the receiving and transmitting 
antennas are identical, one measurement and use of the Friis transmission formula is 
sufficient to determine the gain. The method most commonly used to measure the gain of 
the antenna is the gain comparison method. This technique utilizes a reference antenna of 
known gain to determine the gain of the antenna under test. In this report the absolute 
gain measurement technique was employed to calculate the gain of the antenna. 
Measurement data for a complete 360 degree radiation pattern plot was obtained with the 
aid of a motor driven rotating platform. An Agilent™ 83623B signal generator working 
from 10MHz to 20GHz was used to provide the continuous input signal to the antenna
107
under test. A reference dipole was used for measurements at 20GHz and a horn antenna 
for measurements at 10GHz; these were employed as receivers and connected to an 
Agilent™ E4407B spectrum analyzer working between 9KHz (kilo hertz) and 26.5GHz. 
Two measurements were performed in the anechoic chamber. Firstly the antenna was 
rotated about its centre, and in a plane perpendicular to the direction of propagation so as 
to measure the axial ratio. Secondly the antenna was rotated in the conventional x and y 
planes to obtain the radiation patterns. The output was then recorded. The recorded signal 
describes a polarization pattern for an elliptically polarized antenna. The polarization 
ellipse is tangent to the polarization pattern, and can be used to determine the axial ratio 
of the antenna under test.
The HP 85IOC vector network analyzer working from 45MHz -  40GHz, was used to 
measure the S-parameter data of the antenna. Prior to using the VNA to measure the S- 
parameter data of the antenna structure, it was necessary to calibrate the VNA in order to 
obtain accurate data.
Figure 5.5 -  VNA for S-parameter measurements
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5.4. RADIATION ENHANCED TRAVELLING WAVE FEED 
CIRCULAR POLARIZED ANTENNA
The structure of the radiation enhanced circular polarized antenna is illustrated in Fig. 
5.6(a). The proposed antenna at 10GHz uses a low permittivity dielectric layer on a high 
permittivity substrate to improve the fringing fields at the edges of the radiation patches. 
The work is an extension of the concept using strips of low dielectric constant material 
underneath the radiation edges o f a patch to enhance radiation efficiency [17]. As 
illustrated in Fig. 5.7 a low dielectric constant material was placed beneath the patches. 
One of the key parameters of radiation loss is the dielectric constant. The lower the 
dielectric constant the less the concentration of energy is in the substrate region. 
Therefore more radiation loss occurs. A high dielectric constant substrate material 
reduces the radiation loss. This is because the most of the EM field is concentrated in the 
dielectric between the conductive patch and the ground plane [18]. The low dielectric 
constant material used was KQ150® (Heraeus Inc) with a dielectric constant of 3.9, and 
the layer thickness was set to 50um.
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Figure 5.6 - Configuration of the radiation enhanced antenna
It can be seen from Fig 5.6 that the antenna is formed from a multilayer structure in 
which the radiating patches are excited successively through a slotline running in the 
ground plane beneath the patches. Energy is coupled into the slotline through a 
microstrip-to-slotline transition, which is on the same plane as the patches. Because 
slotline with a characteristic impedance of 50Q required a very narrow slot of the order 
of 30um, which was difficult to fabricate, a higher impedance o f 97Q was chosen for the 
slotline. This higher impedance required a slot width of 400um and this eased the
A n te n n a
P o rt  2
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difficulty of fabrication. However, the width of the slotline channel was still relatively 
narrow and this helped to reduce radiation from the channel. It should be noted that a A/4 
transformer was incorporated into the microstrip feed to convert the 50Q input 
impedance to the 97Q impedance of the slotline channel [18].
If this type o f antenna is to generate high quality circular polarization it is essential that
each of the elements radiates the same amount of power, and this in turn means that each
element must have the same feed energy. With the travelling wave feed system used in
this antenna, energy was successively coupled off the feed line and into the patches. It
follows that the wave on the feed line will decrease in amplitude as energy is coupled off,
and consequently the coupling between the feed line for successive patches must
increase. This incremental increase in coupling was achieved by progressively increasing
the offset distance between the centre of the patches and the centre o f the slotline.
 ^  Radiatinq Patch
____________________Low Permittivity Substrate
High Permittivity Substrate
Ground Plane
Figure 5.7 - Configuration of the layers of the radiation enhanced antenna
Slotline on ground 
plane
J Offset
 Radiating
_________________  patch antenna
-------------------------- 1 on conductor
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Figure 5.8 - Definition of incremental offset between slotline channel and patch
Simulations were carried out using AGILENT Advanced Design System (ADS) software 
which is a computer aided design (CAD) tool. The fabrication of the antenna was on 
Alumina ADS-96R with the following parameters: substrate thickness h = 0.76mm, 
substrate dielectric constant er = 9.6. The key antenna dimensions were:
Length of the patch Wp = 6.9mm
Width of the patch Lp = 2.9mm
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Width of the slotline Ws-  0.4mm
Diameter of the circular slotline channel = 37mm
Circuit dimensions = 50.8mm x 50.8mm
The simulated results obtained are shown in Figs. 5.9 and 5.10.
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Figure 5.9 -  Simulated S-parameters of the radiation enhanced CP antenna without
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Figure 5.10 -  Simulated S-parameters of the radiation enhanced CP antenna with KQ150
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Considering the CP antenna without the low dielectric constant layer, the optimum 
frequency of operation is at 10.11 GHz. This is slightly different from the designed value 
of 10GHz because no matching was included to account for the reactance presented by 
the patches to the feed line. It is observed that from Fig. 5.9 and Fig. 5.10 that the return 
loss of the antenna is less than lOdB at 10.11 GHz. Better matching is observed at 
10.13GHz once the low permittivity dielectric is placed underneath the radiating patches. 
This is due to the fact that the patch dimensions were not re-calculated after the low 
permittivity dielectric layer was included. Thus a good match is not obtained at the 
desired frequency. In this antenna structure the energy in the travelling wave can be 
reflected, radiated, or dissipated in the substrate. The amount of signal dissipated in the 
substrate is insignificant. The reflection as seen from Figs. 5.9 and 5.10 is negligible. 
Therefore most of the signal travelling through the feed has been radiated. S21 is 
calculated to be -5.73dB for the antenna without the low permittivity dielectric layer 
beneath the patches. But there is a significant increase in the through loss when the 
KQ150® dielectric layer is placed underneath the rating patches as seen in Fig.5.10, thus 
indicating significant radiation loss between the input port and the output port. Table 5.1 
shows that the radiation efficiency has increased by 12%.
ANTENNA EFFICIENCY
Antenna without the KQ150 dielectric 74%
Antenna with the KQ150 dielectric 86%
Table 5.1 -  Simulation result on antenna efficiency
It should be noted that in Table 5.1 the efficiency was obtained directly from the 
simulation software, and was based on the ratios between the power supplied to the 
antenna to the total power radiated.
According to [19] the normalized power delivered to the radiating elements (PRad) can be 
written in the following equation,
=  _  1*^ 211 ~ ^ L
where/z, is the normalized power delivered to the load.
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From Fig. 5.11, and using the simulated data, the relative power radiated from the 
antenna design was calculated to be 88.8% of the power at the optimum frequency of 
operation, namely 10.13 GHz. The bandwidth of the antenna is 60MHz. Therefore the 
design is considered to be useful for very narrowband applications.
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Figure 5.11 -  Power delivered to the radiating elements in the radiation enhanced antenna
The frequency o f the antenna with the low permittivity dielectric, as seen in Fig. 5.12, is 
shifted. The proposed structure has many factors dependent on frequency, for example 
the patch dimensions and the distance between patches. When the dielectric was placed 
underneath the patches the preliminary circuit dimensions were not modified to account 
for the new dielectric. Therefore the physical distance between the patches remained the 
same, and the frequency is shifted to the right due to the shorter wavelength. It can also 
be observed that the return loss has improved with the KQ150® dielectric layer 
underneath the radiating patches.
Comparing the measured antenna without the dielectric with the simulated data in Fig. 
5.9, we see that the optimum frequency of the measured antenna was 10.01, whereas the 
simulated antenna worked best at 10.11, i.e agreement within 1%. Similarly for the 
antenna with the dielectric layer, the agreement between simulated and measured 
optimum working frequency was 0.3%.
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Figure 5.12 -  Measured S-parameters of the radiation enhanced CP antenna
Fig. 5.13 illustrates the enhancement of the radiation pattern with the dielectric layer. The 
radiating elements work together to project a radiation pattern in the forward direction, 
and this forward radiation pattern has gain. The radiation pattern along with the gain was 
measured with a 10GHz horn as the reference antenna. Also, from Table 5.2, it is seen 
that the gain of the antenna has significantly improved with the low permittivity 
dielectric.
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Figure 5.13 -  Radiation pattern of the radiation enhanced CP antenna
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Operating Frequency 10.01GHz
Return Loss [dB] - SI 1 15.73dB
Return Loss Bandwidth 300MHz
Through Loss [dB] - S12 15.02dB
Gain 3.19dB
Axial Ratio 1.4
Axial Ratio Bandwidth 4%
Half Power Beamwidth 24.3°
Operating Frequency 10.1 GHz
Return Loss [dB] - SI 1 32.44dB
Return Loss Bandwidth 340MHz
Through Loss [dB] - S12 26.69dB
Gain 11.42dB
Axial Ratio 1.3
Axial Ratio Bandwidth 4.5%
Half Power Beamwidth 34.2°
(a) Without KQ150 dielectric layer (b) With KQ150 dielectric layer
Table 5.2 -  Measurement data on radiation enhanced CP antenna
Radiation Enhanced CP Antenna
3.5
.2 2.5
0.5
9.7 9.8 9.9 10 10.1 10.2 10.3
Frequency [GHz]
-♦—Antenna without KQ150 — Antenna with KQ150
Figure 5 .1 4 -  Axial ratio of the radiation enhanced CP antenna
The axial ratio is 1.35 for both antenna structures, thus maintaining high quality circular 
polarization as seen from Fig.5.14.
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(a) Top view (b) Bottom view
(c) Complete structure
Figure 5.15 -  Radiation enhanced travelling wave circular polarized antenna
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5.5. DUAL-RING MULTILAYER CIRCULAR POLARIZED 
ANTENNA
The configuration of this antenna is illustrated in Fig. 5.16 and is composed of 16 planar 
rectangular radiating patches.
The antenna consisted o f two substrate layers with a patch array fed by two circular 
microstrip channels. The dual ring configuration was used to enhance the radiation o f the 
antenna. More radiated power was obtained by including more radiating elements. The 
antenna feed was through a circular 50f> microstrip channel, of width Ws, which runs on 
top of the first substrate beneath the patches. The feed is then divided into two rings 
splitting the power from the feed to the patches in the inner and outer circles respectively 
[20]. It can be seen from Fig. 5.16 that the power will split into the arms o f the T. With a 
feed line located in the layer running beneath the patch a portion of the signal traveling 
along the feed line will be coupled to the radiating patches through the substrate with the 
amount o f coupling dependent on the relative positions of the feed line and the patch. The
M IC R O S T R IP  F E E D  LINE
RA D IA TIN G  P A T C H 1
G E N E R A T O R  LOAD
Figure 5.16 - Configuration o f the dual-ring antenna structure
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coupling strength S21 increases with the incorporation of a greater amount o f offset. 
Because the feeding signals are not terminated at the radiating patch like other feeding 
techniques the continuous traveling wave can then be used to excite subsequent radiating 
patches to form a traveling wave antenna structure [20]. An electromagnetic simulation 
was performed along with practical measurement, such as the s-parameter measurement, 
radiation pattern of the antenna to validate the new multi-layer antenna at 10GHz.
RADIATING
PATCHES
OUTER MICROSTRIP 
FEED LINE 
RT/DUROID 5880 -  
BOTTOM LAYER 
GROUND PLANE
RT/DUROID 5880 -  
TCP LAYER 
INNER MICROSTRIP 
FEED LINE
Figure 5.17 - Configuration o f the layers o f the dual-ring antenna
The test antenna was on two layers of RT/Duroid 5880 having the following parameters: 
substrate thickness, /z=0.254mm; substrate dielectric constant sr =2.2; 0.5-oz electro­
deposited copper. The mean diameters of the inner and outer circular microstrip channels 
were 63.96mm and 120.9mm respectively, so as to give the correct A/8 spacing between 
the patches.
The key antenna dimensions were:
Length of the patches Lp = 9.8mm
Width of the patches Wp = 7mm
Width of the microstrip feed line Ws= 0.747mm
The overall size of the circuit was 150mm x 135mm
Simulated data was obtained using Momentum(AGILENT Advanced Design System).
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Figure 5.18 -  Simulation results for dual-ring antenna structure
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Figure 5.19 -  Power delivered to the radiating elements in the dual-ring antenna
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The optimum frequency of operation was 10.21 GHz. Because no matching was included 
to account for the reactance presented by the patches to the feed line, the optimum 
frequency is slightly different from the design value of 10GHz. As seen from Fig. 5.18, 
the return loss of the antenna was 22.6dB at 10.21 GHz. S21 is calculated to be -25.23dB 
for the above design. This indicates radiation loss between the input port and the output 
port as the dissipation of power within the antenna is negligible.
Furthermore, from Fig. 5.19 the radiation from the antenna design was calculated to be 
99.2% of the input power at the optimum frequency of operation, 10.2GHz. The 
bandwidth of the antenna is 220MHz. Therefore the design is considered to be useful for 
narrowband applications.
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Figure 5.20 -  Measured S-parameter of the dual-ring antenna structure
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Figure 5.21 -  Radiation pattern of the dual-ring antenna
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Dual Ring A ntenna
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Figure 5.22 -  Axial ratio of the dual-ring antenna
Operating Frequency 10.16GHz
Return Loss [dB] - S 11 33.05dB
Return Loss Bandwidth 130MHz
Through Loss [dB] -  S12 36.27dB
Gain 21dB
Axial Ratio 0.9
Axial Ratio Bandwidth 3%
Half Power Beamwidth o o oO J J J
Table 5.3 -  Measurement data from dual-ring antenna
Simulated and measured data for the return loss and through loss are presented in Fig. 
5.18 and Fig. 5.20. Optimum measured return loss was obtained at 10.16GHz with values 
better than 30dB. The agreement between the simulated and measured optimum 
frequency of operation of thee dual-ring antenna was 0.5%. A good radiation pattern was 
demonstrated at 10.16GHz, as shown in Fig. 5.21. Good quality circular polarization 
existed at 10.16GHz, as specified in Table 5.3. This is verified by the measured data of 
the 3-dB axial ratio, as plotted in Fig. 5.22. The gain of the antenna was calculated to be 
21 dB. The results for the sixteen-patch array show a significant improvement in gain 
when compared with the results for the eight patch array reported earlier in this thesis.
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(b)
Figure 5.23 -  Dual ring multi layer circular polarized antenna (a) Top view (b) Bottom
view
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5.5.1 O FF-BORESIGHT AXIAL RATIO M EASUREM ENT
In order to transfer maximum energy or power between a transmit and a receive antenna, 
both antennas must have the same spatial orientation, the same polarization sense and the 
same axial ratio. When the antennas are not aligned or do not have the same polarization, 
there will be a reduction in energy or power transfer between the two antennas. This 
reduction in power transfer will reduce the overall system efficiency and performance. 
An additional issue to consider with circularly polarized antennas is that their axial ratio 
will vary with observation angle.
The axial ratio pattern for the dual ring circular polarized antenna is presented in Fig. 
5.24. It can be seen that the axial ratio at boresight is about 0.9 dB, while at an angle of 
30° off boresight, it’s about 3.8 dB. This illustrates that the axial ratio of an antenna will 
get worse as the antenna is rotated off boresight. This is probably due to the physical 
distance (several wavelengths) between patches on either side of the array.
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Figure 5.24 -  Off boresight axial ratio measurement o f the dual ring CP antenna
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5.6. SPLIT-RING TRIPLATE ANTENNA
The structure o f the split-ring CP antenna is illustrated in Fig. 5.25.The antenna 
comprises three substrate layers with a patch array fed by two half circular microstrip 
channels, compensating for the progressive loss in signal.
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Figure 5.25 - Configuration o f the split ring triplate antenna
The antenna feed is through a circular 50H microstrip channel, o f width Wsj and WS2  
which run on top of the first substrate and on top of the second substrate, respectively. 
The feed is divided into two half rings splitting the power from the feed to the patches. 
The power in from the feed on the bottom layer is fed through to the feed in the middle
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layer through a VIA. Each patch was matched to the respective microstrip line. A portion 
of the signal travelling in the bottom layer feed line will successively excite each patch. 
The second half of the patch array is then successively excited through the middle layer 
feed line, thus compensating for the progressive loss of signal in the feed [21]. The 
coupling between the two microstrip feed lines was minimized by a polymer layer of 
127um, thickness (Fig.5.26). Data was obtained for an antenna working at 20GHz.
RADIATING PATCHES
SUBSTRATE LAYER 3 -  
Polymer (127um)
i SUBSTRATE LAYER 2 - 
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MICROSTRIP FEED 
Ws2
iVIA-CONNECTING Ws2 
TO Ws1
MICROSTRIP FEED Ws1
SUBSTRATE LAYER 1 -  
Polymer (127um)
iGROUND PLANE
Figure 5.26 - Configuration of the layers in the split ring triplate antenna
This type of antenna structure was investigated using polymer material for all three 
layers. The structure was modelled using an electromagnetic simulator Momentum® 
(AGILENT Advanced Design System).
Data was obtained for a test antenna with the following parameters:
Substrate thickness for each layer h = 0.127mm and substrate dielectric constant er = 2.5 
The key antenna dimensions were:
Length of the patch Wp = 4.6mm
Width of the patch Lp = 4.1 mm
Width of the microstrip line Wsj = 0.35mm WS2  = 0.744mm 
Diameter of the circular microstrip line channel = 29.6mm 
Overall Circuit dimensions = 35mm x 50mm
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Figure 5.27 -  Simulation results on split-ring triplate antenna structure
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Figure 5.28 -  Power delivered to the radiating elements in the split ring triplate antenna
The optimum frequency of operation was 20.44GHz. As seen from Fig. 5.27, the return 
loss of the antenna is 10.92dB at 20.44GHz. Therefore most of the signal travelling 
through the feed has been radiated. S21 and S31 were calculated to be -18.02dB and -
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13.9dB respectively for the above design. Using the data from Fig. 5.28 the radiated 
power from the antenna design was calculated to be 86.8% of the input power at the 
optimum frequency of operation, 20.4GHz. The bandwidth of the antenna was 300MHz.
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Figure 5.29 -  Measured S-parameter of the split-ring triplate antenna
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Figure 5.30 -  Radiation pattern of the split-ring triplate antenna
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Figure 5.31 -  Axial ratio of the split-ring triplate antenna
Operating Frequency 20.36GHz
Return Loss [dB] - S 11 23.99dB
Return Loss Bandwidth 80MHz
Through Loss [dB] - S12 25.83dB
Through Loss [dB] - S13 34.69dB
Gain 12.4dB
Axial Ratio 0.8
Axial Ratio Bandwidth 5%
Half Power Beamwidth 28.8°
Table 5.4 -  Measurement data on split-ring triplate antenna
The simulated and measured s-parameter patterns are shown in Figs.5.27 and 5.29, and it 
can be seen that good agreement between theoretical and measured data was obtained. 
S31 is greater than S21 due to the fact that the feed line is placed in the middle layer 
tightly underneath the radiating patches, thus allowing more EM coupling. A good 
measured radiation pattern of the antenna was demonstrated at 20.36GHz, as shown in 
Fig. 5.30. The optimum measured axial ratio of the antenna was 0.8 at 20.36GHz with 3- 
dB axial ratio bandwidth of 5% indicating high quality circular polarization along 
boresight. The gain of the antenna was calculated to be 12.4dB.
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Figure 5.32 -  Split-ring triplate antenna
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5.7. ACTIVE MULTILAYER CIRCULAR POLARIZED ANTENNA 
WITH BEAM STEERING CAPABILITY
The design of a travelling wave fed circularly polarized antenna, to provide an active 
antenna with the capability to steer the main radiation beam, is illustrated in Fig. 5.33.The 
antenna was essentially composed of two dielectric layers, the radiating patches were 
formed on the surface o f the layer with low dielectric constant (sr=2.2), and the 
microstrip feed network on the layer beneath the patches [22]. The microstrip feed 
dimensions were designed to provide a characteristic impedance of 50Q. Signals fed into 
port 1 will energize the two rings which form a simple array. A switched line phase 
shifter is connected in the feed to the second ring. Thus by switching the phase the 
direction of radiation of the main beam can be controlled [22]. Fig. 5.36 shows the 
configuration o f the switched line phase shifter. The new beam steering active antenna 
was validated at 10GHz with the aid of measured s-parameter data and radiation patterns.
Port I Poit 2 Port 3
C
L p / ^
Ring A nay 1 Ring A n ay 2
Win FET configuration layout lin es on bottom  
substiate layei
p atches on top 
su bstia te  layei
  Biasing pads
Figure 5.33 - Configuration of the beam steering antenna
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Figure 5.34 -  Principle o f the beam steering antenna
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Figure 5.35 - Layer configuration of the beam steering antenna
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Figure 5.36 -  Schematic showing FET connections in switched line phase shifter
132
The switched line phase shifter as shown in Fig. 5.36 was designed to give a phase shift 
of 25°. The structure was tested using RT/Duroid 5880 with a substrate thickness of 0.254 
mm, and with a substrate dielectric constant o f 2.2. The microstrip lines were 50Q.
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Figure 5.37 -  Return loss of the switched line phase shifter
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Figure 5.38 -  Phase of the switched line phase shifter
Line 1 
Without Phase Shift
Line 2 
With Phase Shift
Operating Frequency 10.01 GHz 10GHz
Return Loss 42.1dB 35.8dB
Through Loss 1.85dB 2.03dB
Phase Change 0 25°
Table 5.5 -  Switched line phase shifter measurements
As seen from Table 5.5, good return loss is obtained at 10GHz. The slight decrease in the 
return loss in Line 2, is due to the bend discontinuity. Fig. 5.38 shows that the intended 
phase shift of 25° was achieved at the design frequency of 10GHz.
Figure 5.39 -  Testing of the switched line phase shifter
The antenna structure was modelled using an electromagnetic simulator Momentum® 
(AGILENT Advanced Design System). Data was obtained for a test antenna made on two 
layers of RT/Duroid 5880 with the following parameters: substrate thickness h -  0.254 
mm, substrate dielectric constant er = 2.2. The key antenna dimensions were:
Length of the patch Wp = 9.8 mm
Width of the patch Lp = l  mm
Width of the microstrip line Wm = 0.747mm
Diameter of each circular microstrip line channel = 63.96 mm
Circuit dimensions = 150 mm x 135 mm
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Figure 5.40 -  Simulation results for beam steering antenna structure
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The main beam was then shifted by a spacial angle of 10°, this required the phase shifter 
to give a change of approximately 25° of the electrical phase angle, [a = (3dcos0*(18O/7r) 
= {(27r/X,)*d*cos0*(18O/7t)}, where X = 30mm, d=28.35mm, 0=80°]. The phase shift o f 
25° is shown in Fig. 5.41.
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Figure 5.41 -  Simulated phase shift in the feed lines
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Figure 5.42 -  Power delivered to the radiating elements in the bean steering antenna
The optimum frequency o f operation is at 9.9GHz. As seen from Fig. 5.40, the return loss 
of the antenna is 18.4dB at 9.9GHz. S21 and S31 were found to be 21.86dB and 41.76dB 
respectively, thus, indicating good radiation loss between the input port and the output 
ports. Furthermore, from Fig. 5.42 the radiated power from the antenna design was 
calculated to be 97.9% of the input power at the optimum frequency of operation, 
9.9GHz. The bandwidth of the antenna was 127MHz.
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"igure 5.43 -  Measured S-parameter of the beam steering antenna
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Figure 5.44 -  Measured phase shift in the feed lines
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Figure 5.45 -  Radiation pattern of the beam steering antenna
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Figure 5.46 -  Axial ratio of the beam steering antenna
Operating Frequency 10.14GHz
Return Loss [dB] -  SI 1 31.27dB
Return Loss Bandwidth 140MHz
Through Loss [dB] - S12 22.35dB
Through Loss [dB] - S I3 23.39dB
Gain 12.9dB
Axial Ratio 1.2
Axial Ratio Bandwidth 3.5%
Half Power Beamwidth 36.9°
Tab e 5.6 -  Measurement data on beam steering antenna
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As shown in Fig. 5.43, the best match for the beam steering antenna was obtained at 
10.14GHz with a return loss greater than 30 dB. This matching frequency is close to the 
designed value of 10GHz. The maximum gain measured is approximately 12.9 dB. As 
seen from Fig. 5.44 the main beam of the antenna is shifted by approximately 10° when 
introduced a phase shift of 25°. Fig. 5.46 shows a comparison of the 3-dB axial ratio of 
with and without the phase shift of the antenna. It can be observed that a good axial ratio 
is maintained after the beam has been steered 10°. The optimum measured 3-dB axial 
ratio of the antenna is 1.2 at 10.14GHz with 3-dB axial ratio bandwidth of 3.5%.
This active antenna structure can be improved with a multi-bit phase shifter to enhance 
the beam steering capabilities, and allow the beam to be switched between more spacial 
directions.
(a)
(b)
Figure 5.47 -  (a) Active multilayer CP antenna with beam steering capability (b) Feed
line with phase
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5.8. COMPACT QUADRUPLE POLARIZED CONCENTRIC RING 
ARRAY
An overview of the complete antenna, showing the registration of the various layers is 
given in Fig. 5.48.
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Figure 5.48 -  Compact quadruple polarized antenna structure
The antenna is capable of providing both linear and circular polarization, and was 
essentially composed of three dielectric layers, as illustrated in Fig. 5.49. The microstrip
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feed dimensions were designed to provide a characteristic impedance of 50Q. The 
structure supports left-hand circularly polarized (LHCP) signals, right-hand circularly 
polarized (RHCP) signals, horizontally polarized signals and vertically polarized signals. 
The proposed antenna utilizes a multilayer format that provides a very compact structure, 
whilst the novel feeding technique offers opportunities for high functionality. The 
functionality is achieved by using FETs to switch between the four polarizations of the 
antenna. The multilayered nature of the structure permitted the microstrip feed lines to be 
positioned on two separate layers for linear and circular polarization. The radiating 
patches were formed on the surface layer, while the microstrip feed lines to obtain 
vertical and horizontal polarization were located in lower layers as shown in Fig. 5.49.
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Radiating Patches on Top Layer
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Circular Polarization Feed I ines 
on Middle Layer 
zaRT/Duroid -  Layer 2 -  127um 
Ltnear Polarization F eec Lines 
on Bottom Layer 
=n RT/Duroid Layer 1 127urn
Ground Plane
Figure 5.49 -  Layer configuration of the quadruple polarized antenna
Individual patches were fed horizontally for horizontal polarization and vertically for 
vertical polarization. To achieve RHCP and LHCP the microstrip patches are fed through 
two parallel microstrip feed lines in the middle layer plane. A signal applied at port 3 will 
excite a signal traveling in the counterclockwise direction in the outer of the two feeds, 
and this will produce left-handed circular polarization (LHCP). Similarly, a signal 
applied at port 2 will excite a signal traveling clockwise in the inner microstrip feed, and 
this will excite the right-handed circular polarized (RHCP) signal. In order to reduce the 
overall size of the structure, a chamfered meander was inserted into the feed line sections 
between each patch so as to reduce the mean diameter, whilst maintaining the distance of 
X/8 between the feed points to the patches along the microstrip line. It should be noted 
that, for both o f the microstrip excitations, there is a progressive offset of the patches 
relative to the feed line, to ensure the patches radiate equal power. In order to prevent
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coupling between the two microstrip feed lines, the spacing between them was 
maintained at 3w, where w is the width of the microstrip feed. It was found, both through 
simulation and experiment, that this spacing maintained the coupling between the slots 
below 28dB. Two VIA arrays are shown in Fig. 5.48. These were used to connect two 
ends of signal lines on the bottom layer to a short length of line on the middle layer, thus 
enabling signal lines to cross. In order to switch the travelling wave signal between the 
two rings and the linear feed network, and thus change the polarization, FET switching 
elements were incorporated into the microstrip feed networks as indicated in Fig 5.50(a)
and 5.50(b). The prototype antenna structure wasdesigned for 20GHz.
50Q 
Microstrip 
tines
Biasing
Pads
FET Configuration for Polarization Switching 
Figure 5.50(a)
Positioning of the  FETs
Figure 5.50(b)
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Figure 5.50 -  Circuit methodology for switching polarization
The 20GHz test antenna was fabricated on polymer material with the following 
parameters: substrate thickness for each layer h = 0.127 mm, substrate dielectric constant 
sr = 2 .2 ;
The key antenna dimensions were:
Length of the patch Wp = 4.6mm
Width of the patch Lp = 4 .1mm
Width of the microstrip line Wunear = 0.35mm Wcircuiar= 0.744mm 
Diameter of the circular microstrip line channel:
Inner Circle = 14mm 
Outer Circle -  16.1mm 
Overall Circuit dimensions = 85mm x 65mm
The structure was modelled using an electromagnetic simulator Momentum^ (AGILENT 
Advanced Design System).
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Simulation Results for Linear Polarization:
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Figure 5.51 -  Simulation results for linear polarization
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Figure 5.52 -  Power delivered to the radiating patch for linear polarization
The optimum frequency of operation is at 19.91GHz. As seen from Fig. 5.51, the return 
loss of the antenna is 40.82dB at 19.91 GHz, indicating a good impedance match. From 
Fig. 5.52 the radiated power from the antenna design was calculated to be 100% of the 
input power at the optimum frequency of operation, 19.91 GHz. This entails that there are 
no losses due to material or mismatch. The bandwidth of the antenna was 350MHz.
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Simulation Results for Circular Polarization:
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Figure 5.53 -  Simulation results for LHCP
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Figure 5.54 -  Simulation results for RHCP
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Figure 5.55 -  Power delivered to the patches in the quadruple polarized antenna
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The operating frequency of the antenna for circular polarization, as seen in Figs. 5.53 and 
5.54, is shifted slightly from the desired value. The proposed structure has many factors 
that are dependent on frequency, for example the patch dimensions, the distance between 
patches, these may be account for the frequency shift. The measured optimum frequency 
of the antenna was 20.9GHz for circular polarization. The return loss for both hands of 
polarization was below 30dB. The through loss is above 16dB, indicating good radiation 
loss, as the reflection was very low and the signal dissipated in the substrate was 
negligible. From Fig. 5.55 it is observed that 98% of the input power is radiated from the 
antenna.
Measured Data for Linear Polarization:
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Figure 5.56 -  S-parameters for linear polarization for quadruple polarized antenna
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Figure 5.57 -  Co-polarization for quadruple polarized antenna
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Figure 5.58 -  Cross polarization for compact quadruple polarized antenna
Comparing Figs. 5.57 and 5.58, it can be seen that the co-polar and cross-polar radiation 
patterns were different, but they both appeared to have a similar main beam level. This is 
clearly incorrect and needs further investigation. Possible cause of the problem could be:
(i) Errors in the measurement system, and possibly in the anechoic chamber, which was 
not fully calibrated to ensure that the chamber was not producing conversion from 
vertical to horizontal polarization.
(ii) Effects due to the metal screws that were used in the assembly of the antenna; it is 
possible that there could be mutual coupling between the screws and the radiating 
elements, causing the expected field from the patches to be distorted.
(iii)Radiation from the feed network, which is this case was on the middle layer o f the 
stack, and not separated from the radiating elements by a ground plane. In particular, 
at 20GHz, one might expect significant radiation from the discontinuities in the feed 
structure, and if these unwanted radiations were comparable with the radiation from 
the patches, this would account for the co- and cross-polarization levels being almost 
identical, since the feed network was independent of the polarization switching.
Linear Polarization Vertical Horizontal
Operating Frequency 20.005GHz 20.02GHz
Return Loss [dB] - S 11 23.5dB 22.7dB
Return Loss Bandwidth 80MHz 95MHz
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Gain 2.5dB 2.5dB
Polarization Co Cross
Half Power Beamwidth 23.6° 33.31°
Table 5.7 -  Measurement data for quadruple polarized antenna for linear polarization
As shown in Fig. 5.56, the best match for the quadruple-polarization antenna was 
obtained at 20GHz with a value better than 23dB. The return loss bandwidth o f the 
proposed antenna is approximately 80-95MHz. The gain measured for linear polarization 
was 2.5dB.
Measured Data for Circular Polarization:
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Figure 5.59 -  Measured S-parameters for linear polarization for quadruple polarized
antenna
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Figure 5.60 -  Radiation pattern for quadruple polarized antenna
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Figure 5.61 -  Axial ratio for quadruple polarized antenna
Polarization RHCP LHCP
Operating Frequency 20.89GHz 20.84GHz
Return Loss [dB] - S 11 28.8dB 27.9dB
Return Loss Bandwidth 390MHz 430MHz
Through Loss [dB] -  S12 21.19dB 21.23dB
Gain 11.5dB
Axial Ratio 0.8
Axial Ratio Bandwidth 1.4%
Half Power Beamwidth 40°
Table 5.8 -  Measurement data on quadruple polarized antenna for circular polarization
As shown in Fig. 5.59, the best match for the quadruple-polarization antenna was 
obtained at 20.8GHz with a value better than 27dB. This matching frequency is close to 
the designed value of 20GHz. The return loss bandwidth of the proposed antenna is 
approximately 400MHz. The gain measured was 11.5dB. The through loss was greater 
than 27dB for both hands of circular polarization, indicating good radiation in the vicinity 
of the designed frequency of 20GHz. The simulated and measured radiation patterns for 
both hands of polarization are shown in Fig. 5.60, and it can be seen that essentially the
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same characteristics are obtained in each case. Fig. 5.61 shows a comparison o f the 
measured data for the 3-dB axial ratio of the LHCP and that of the RHCP. The optimum 
measured 3-dB axial ratios o f the LHCP and RHCP are 0.8dB at 20.8GHz with a 3-dB 
axial ratio bandwidth of 1.4%.
(a) Circular polarized feed line (b) Radiating patches
(c) Top layer folded back to show details o f the assembled antenna 
Figure 5.62 - Compact quadruple polarized antenna
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5.9. DISCUSSION
Several novel variations of the circularly polarized microstrip array using a travelling- 
wave feed system were proposed and have been established through simulation and 
practical measurement. The measured performance of the antenna structures was close to 
the predicted performance, indicating that the design techniques were fairly robust. High 
quality circular polarization was demonstrated with very good agreement between the 
measured and simulated return loss of the antenna. Some reductions in the circular 
polarization quality may be due to received signals being picked up directly on the 
microstrip feed lines during the measurement process. This problem can be solved by 
implementing the antennas as multilayer structures, to allow the microstrip feed line to be 
on the reverse side of the antenna. The antennas offer a number of beneficial features:
• The use of a multilayer structure, with mixed dielectric constant proved useful in 
enhancing the radiation from the patches, whilst maintaining a small overall size 
for the antenna.
• The antennas offer significant potential for further integration, by closely
coupling the front-end circuitry of a transceiver in a layer beneath the feed
network.
• An active antenna with the capability to orient the maximum radiation in any 
direction to form a scanning array can be achieved by controlling the phase 
excitation between the elements of an array. The beam steering capability of the 
antenna can be enhanced by introducing a multi-bit phase shifter.
• Additional rings of patches could be used to broaden the bandwidth, if each ring
were designed at a different frequency. (Fig.5.63)
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(b)
Figure 5.63 -  Additional rings to broaden the bandwidth of the antenna
• The designs offer significant opportunities to increase the functionality o f the 
antennas. Further feed line channels incorporating switching elements were used 
to obtain linear polarization.
Some further improvement to the results could be obtained by introducing a variable 
offset. As part of the future work it is suggested to match the patch impedance to the feed 
line and also to control the amount o f energy coupled to the patches. Opportunities have 
been identified to extend the design to a highly integrated smart antenna, having high 
functionality.
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CHAPTER 6
COLLABORATIVE WORK
This Chapter describes some other research activities to which the author contributed 
during the PhD programme. These activities involved two collaborations:
1. A collaboration between the Microwave Group in the ATI and Marubeni Chemix 
in Japan, in which a novel antenna was fabricated using new polymer materials.
2. An internal research project within the ATI, whose aim was to build a variable 
aperture antenna using the travelling wave feed principle.
6.1 A NOVEL RADIATION ENHANCED ACTIVE ANTENNA WITH 
SWITCHED DUAL CIRCULAR POLARIZATION
The concept of a travelling wave fed circularly polarized antenna [1, 17], to provide an 
active antenna with the capability to switch between right and left hand polarization was 
investigated. The antenna was fabricated in a multilayer format using a newly available 
polymer material, with PIN diodes to perform the switching function. The polymer 
material had two primary advantages for the present work: (i) the material could be 
loaded with ceramic to change the dielectric constant; (ii) the material could be 
laminated, under low pressure and temperature, to form a multilayer circuit. The exact 
details of the polymer compositions are not available for commercial reasons. But the 
samples were obtained from Marubeni Chemix Corp. in Yokohama, Japan. These 
properties meant that low dielectric constant material could be used beneath the radiation 
patches, to enhance radiation [17], and a high dielectric material could be used for the 
feed network to achieve a compact. The antenna structure was measured at 15GHz and 
showed a good return loss in both states, with well behaved radiation characteristics. The 
design technique offers potential for further development to provide an integrated 
antenna with high functionality.
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The antenna was essentially composed of two dielectric layers, separated by a common
ground plane as illustrated in Fig. 6.1. An overview of the complete antenna, showing the
registration of the various layers is given in Fig. 6.2. The radiating patches were formed
on the surface of the layer with low dielectric constant (£>=3), and the microstrip feed
network on the layer with high dielectric constant (£>=6). Slots were etched in the ground
plane prior to lamination [23]. The slot dimensions were designed to provide a
characteristic impedance o f 50Q [24]. The slots were formed into two, parallel annular
rings, running beneath the patches. Fig. 6.3 illustrates the position of the slots relative to
the patches on each layer. Four beam-lead PIN diodes were surface-mounted on the
microstrip feed network to route the input signal to one or other of the slotlines. The
position of two VIA arrays is shown in Fig. 6.2. These were used to connect two ends of
signal lines on the bottom layer to a short length of line on the top layer, thus enabling
signal lines to cross [23]. Note that these VIAs pass through regions of the buried ground
plane where the conductor was been removed to prevent the VIAs shorting to ground.
— Top conductor Layer with  
Rectangular MSA.
— Middle Layer with Slotline 
Channels
— Bottom Layer with  
Peed Line
Figure 6.1 - Antenna layer configuration of the switched polarized antenna
w
Figure 6.2 - Novel dual CP switched antenna
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Figure 6.3 - Dual slotline arrangement [17].
One of the benefits of using the polymer material was that low dielectric material could 
be selected for the substrate immediately beneath the patches, thus enhancing the 
radiation. In order to switch the traveling wave signal between the two rings, and thus 
change the hand of polarization, PIN diode switching elements were incorporated into the 
microstrip feed networks as indicated in Fig. 6.4. At 15GHz it was quite important that 
the diodes were properly positioned across the gaps, so as to minimize stray parasitic 
effects, and maintain the same transmission characteristics in each state. Otherwise, 
switching the diodes would cause differences in the transmitted signal levels for the right 
and left hand polarization.
P in  Diode2 P in  Diode 3
Diode 4
B iasing Pads
P in  D iod el
Figure 6.4a - Positioning of the PIN diodes for switching polarization
Microstrip 
Peed Line "
Placement of Pin 
Diodes for Switching
Figure 6.4b - Configuration of the PIN diodes.
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A signal applied to the microstrip line at port 1 of the antenna will be coupled to one of 
the buried slotline, through microstrip-to-slotline transitions. The states of the PIN diodes 
will determine which of the slotlines is energized. Energy travelling in a slotline beneath 
the patches will excite the patches into resonance and cause radiation [23]. Since the 
annular spacing o f the 8 patches is 45°, and the circumference of the ring is n/ig, a 
circularly polarized signal will be radiated. As the signal travels around the slotline ring, 
there is successive coupling o f energy into the patches. Clearly there will be a progressive 
loss of energy as the signal propagates around the ring, and to ensure that each patch 
receives the same level of coupled energy, there is a progressive offset o f the patches 
relative to the slotline, ensuring that the later patches are more strongly coupled to the 
line. Two slotline channels are provided, so that switching between them enables either 
right-hand, or left-hand, circular polarization to be produced, as indicated in Fig. 6.2.
(a) (b)
Figure 6.5 -  Fabricated CP antenna: (a) Top view with radiating patches (b) Bottom
view with microstrip feed network
The 15GHz test antenna was fabricated on polymer material with the following 
parameters: bottom substrate thickness hi -  0.3 mm, substrate dielectric constant sr = 6;
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Top substrate thickness h2 = 2*0.127 = 0.254 mm, substrate dielectric constant = 2.2. 
The key antenna dimensions were:
Length o f the patch Wp = 6.74 mm 
Width of the patch Lp = 3.5 mm 
Slot width ws = 3 mm 
X]= 0.150 mm 
X2 = 0.200 mm
Length of the board L = 50.18mm 
Width of the board W -  71.933 mm
The return loss of the antenna for right hand circular polarization is illustrated in Fig. 6.6. 
The optimum frequency o f operation was 14.95GHz, within 1% of the designed value of 
15GHz. At 14.95GHz the return loss was 22dB indicating that there was no significant 
detrimental effect having the two switching diodes in series with the traveling wave 
channel.
RHCP
14 .51 - .5 16.5
s  -10
*  -20
-25
Frequency [GHz]
Figure 6.6 - Typical measured return loss for one of the states of the antenna.
The primary reason for using an annular array o f patches is to provide high quality 
circular polarization, in terms of a low axial ratio. A plot of the axial ratio as a function of 
frequency is shown in Fig. 6.7. It can be seen that at the optimum matching frequency of 
14.95GHz, the axial ratio is of the order of 0.8dB. This is a significantly better figure than 
is normally obtained with other forms of microstrip CP antenna [16]. The axial ratio 
bandwidth of the antenna is 3.4%.
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Figure 6.7 - Measured axial ratio of the switched polarization antenna
A typical radiation plot for the antenna is shown in Fig. 6.8. It can be seen that the 
antenna provides a well defined pattern, with the principal sidelobes lOdB down on the 
boresight value.
□ so
A ngle (D egrees]
Figure 6.8 - Measured radiation characteristics of the switched polarization antenna
For this type of travelling wave antenna it is important, from the point o f view, of antenna 
efficiency, that minimum power is dissipated in the loads terminating the slotline 
channels. To verify this, the through loss of the slotline channels was measured, and a 
typical result is shown in Fig. 6.9. In this figure the through loss is represented by IS2 11- It 
can be seen that the loss is high over the frequency band o f interest, indicating that the 
majority of the applied power is being coupled to the patches and radiated, although there 
will be some small dissipative losses in the material of the antenna.
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Figure 6.9 - Typical measured through loss of a slotline channel.
The LHCP measurements indicated a return loss of 5.6dBs and a through loss o f 64dB. 
Further examination of the structure showed a fault in the fabrication of the antenna as 
illustrated in Fig. 6.10
Correct
Feediine
Incorrect placement 
of the biasing pads
Figure 6.10 -  Biasing error in antenna fabrication
In an effort to correct the fabrication error a connection between the biasing pad and the 
correct microstrip feed was made with the aid of a 100mA fuse wire. No improvement on 
the results, were observed. Therefore it was concluded that the connection made between 
the biasing pad and the feed line was not proper.
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Connection between the 
biasing pao and the microstrip 
feedline
Fuse
wire
Disconnection of the 
biasing pac from the 
incorrect feedline
Fuse wire
Figure 6.11 -  Connecting the fuse wire between the biasing pad and the correct
microstrip feed line
The antenna design was then tested separately for RHCP and LHCP characteristics, on 
two individual structures. The connection between the microstrip feed lines were made 
with conducting epoxy paste as shown in Fig. 6.12, as an alternative to the PIN diodes.
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Conducting 
silver epoxy, 
paste
Microstrip feedline
Figure 6.12 -  Placement of conducting epoxy alternative to pin diodes
The antenna design was tested for RHCP and LHCP. The return loss obtained was 
approximately 7dB which indicated bad reflections and the through loss could not be 
measured for either state. It was concluded that there was a break or serious discontinuity 
somewhere within the structure. The only other possible source of error was identified to 
be the bridge that was used to connect two ends o f signal lines on the bottom layer to a 
short length of line on the top layer, thus enabling signal lines to cross. It was possible 
that the VIAs passing through regions of the buried ground plane where the conductor 
was been r e m w e c ^ v a ^ > h o r tm i^ ( y m o u n c f ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^
Bridge connecting two 
end.s o f  signal lines on 
the bottom layer to a 
short length o f  line on 
the top layer VIAs
Figure 6.13 -  Position of the VIAs
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DISCUSSION
The best measured axial ratio of the antenna was 0.8dB at 14.93GHz, whereas the 
antenna was designed for 15GHz. So, the optimum working frequency was within 0.5% 
of the designed frequency. The antenna gave a well defined radiation characteristic with 
the principal side lobes lOdB down on the main beam. One of the main beneficial 
features of the antenna is the use of a multilayer structure, with mixed dielectric constant, 
proved useful in enhancing the radiation from the patches, whilst maintaining a small 
overall size for the antenna. The design offers significant opportunities to increase the 
functionality of the antenna. Further slotline channels incorporating switching elements 
could be used to obtain linear polarization. Also, additional rings of patches could be 
used to broaden the bandwidth.
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6.2. VARIABLE AREA PATCH ANTENNA
An efficient technique to distribute energy into individual patches in a travelling wave 
fed CP antenna was investigated. The distribution was achieved by tapering the area of 
the patches in the antenna array to control the radiation efficiency. Fig. 6.14 illustrates the 
variable area antenna array.
Input Port ■ |  Output Port
Port c
P..1UI1 I Patch s
IP.'lUh -
NslJ.uch 1 P a tch  fi
Parch 4 5
Figure 6.14 -  Variable area antenna array configuration
From Fig. 6.14, the energy fed at port 1 progressively energizes the patches, which are 
separated by a distance of X/8. Hence the radiation from successive patches was 45° out 
of phase, thus radiating energy, which will combine in free space to produce high quality 
CP. The patches are fed with from 50H microstrip feed line. The port 2 is terminated with 
a 50Q matched load to absorb the remaining energy in the feed line. The patch length, Ln, 
which decides the optimum frequency of operation remains almost constant, but the 
length was slightly varied to compensate for fringing. The width Wn was varied to control 
the area of the patches.
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The losses and radiation mechanism in a travelling wave fed antenna array are illustrated 
in Fig.6.15.
p„ p,p» p «
Pav?*) |* W i  P avi3) P ivijnj
P-n Z i Prad Z? £'j p (>_ P - r rao
Zn -  paten antenna
Pd dieiectnc loss in the *eed line
p & v i n ) . Power avai ab^efof the individual
paich
Prae ■ Power radiated by the individual patch
Figure 6.15 -  Losses and radiation mechanism in a travelling wave fed antenna
For high quality CP generation, the power radiated by the individual patches in a 
travelling wave fed array should remain the same as indicated by equation 6.1.
K a d ( \ )  =  K a d (2 )  =  K a d ( 3 ) ................= K a d (n )  ~  ^ rad  ( -^1)
The input power (Pm) fed into the array travels through a section o f microstrip feed 
before it reaches the first patch. The dielectric loss in the 2/8 section of the line is 
indicated by Pd. So the available power (Pav(i>) for the first patch will be Pin-Pd• A 
fraction of this power will be radiated (Prad) from the first patch. The remaining power 
progresses along the microstrip feed line through to the second patch. Therefore the 
available power for the second patch (Pav(2)) is given by Pin-2Pd-Prad• Hence the general 
expression for available energy for an nth patch is as given by equation 6.2.
P a ^ = P m - ( n * P d) - { ( n - \ r P md) (6.2)
From equation 6.3, the amount of power radiated by a patch depends on the amount of 
available power and the effective area of the patch.
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Prad(n) ~ a^v(u) * e^ff(n) *k) (6.3)
thwhere Aeff(n) is the effective area of the n patch and Pav(n) is the available power for the 
n patch, and & is a factor relating to the efficiency of coupling to the patch(note that k  
must have the units of m'2). From equation 6.3, it is shown that the energy radiated from 
the individual patches can be controlled either by controlling the available power or by 
controlling the effective area of the patches.
The simplest way to efficiently control the amount of power radiated in a travelling wave 
feed arrangement is to control the effective area of the patches. The power radiated from 
the individual patches can be deduced taking the difference in the input power and the 
total dielectric loss and dividing it over the number of patches, as shown by equation 6.4.
P =rad
f P - N P Ad
N
(6.4)
Substituting for Prad in equation 6.2, gives the general expression (6.5) for calculation the 
effective area of the nth patch in an N patch travelling wave fed antenna array.
Pm -  NPd 
N
p - n p Ad
J
Pin -  nPd -  (« -1 ) » * (Aeff(n) * K)  (6.5)
Assuming that the dielectric loss is negligible and normalizing, the ratio of the effective 
area of the patches is obtained from equation 6.6.
- 1 1 1 
  m n ) ~ N : N - i : ...........: N - n  + 1 ( }
The effective area of the patches is directly proportional to the physical area. Hence, the 
same physical area ratio should be maintained in order to get equal coupling into the 
patches in a travelling wave feed arrangement. The patch length L„ is calculated using the 
equations 2.11 through to 2.14. For an N patch array, the width of the last patch Wn, is 
selected based on the total substrate area available and the fabrication limitations. The 
widths of the rest of the patches was calculated to maintain the required ratio derived 
earlier.
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The 5GHz test antenna was fabricated on RT/Duroid 5880 material with the following 
parameters: substrate thickness h = 0.5 mm, substrate dielectric constant er = 2.2. The 
structure was modelled using an electromagnetic simulator Momentum® {AGILENT 
Advanced Design System).
Figure 6.16 -  Variable area patch antenna
The key antenna dimensions are shown in Table 6.1.
Patch
number
(n)
Length 
L(n) (mm)
Width 
W(n) (mm)
Change in length due to 
fringing 
(mm)
Physical area of the 
patch
1 20.7 3.13 0.3 0.125
2 20.5 3.57 0.5 0.143
3 20.3 4.17 0.7 0.167
4 20.1 5.00 0.9 0.200
5 19.9 6.25 1.1 0.250
6 19.7 8.33 1.3 0.333
7 19.5 12.50 1.5 0.500
8 19.1 25.00 1.9 1.000
Table 6.1 -  Dimensions of the patches in the variable area patch antenna
Simulation and Measured Results:
The equal power coupling to the patches was verified by measuring the transmission 
characteristic (S21). For the simulation measurement, the effect of the patches on S21 was 
monitored by adding one patch at a time, starting with the first patch shown in Fig.6.14. 
This was repeated for the whole array and the values obtained are shown in Table 6.2.
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Number of 
patches Transmission 
S21 (dB)
0 -0.35
2 -12.00
4 -21.04
6 -30.00
8 -45.00
Table 6.2 -  Simulated S21 for the variable area patch antenna
The measured S21 is illustrated in Fig. 6.17. For the transmission measurement the last 
patch was etched off and S21 was re-measured. This was repeated in steps followed by S21  
measurement until no patches were left. Fig. 6.18 shows the antenna at intermediate 
steps.
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Figure 6.18 - Antenna structure after etching (a) 4 patches (b) 7 patches
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6.17 -  Measured S21 of the variable area patch antenna
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It was observed that at the design frequency S21 rises up linearly when more patches were 
etched off. In order to look at the percentage variation in linearity o f S21, plots obtained 
from both simulation and measurement are shown in Fig. 6.19. An error bar was also 
plotted in the graph to show +/-6% variation from the linear curve.
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Figure 6.19 -  Comparison of the transmission plots obtained from simulation and
measurement to a linear curve
The return loss of the antenna (Fig.6.20) was better than 20dB over the frequency range 
of interest. A return loss bandwidth (lOdB) of 32% can be observed in the return loss 
plot.
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Figure 6.20 -  Return loss of the variable area antenna
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The axial ratio (Fig.6.21) was 0.2dB at the centre frequency. The 3dB axial ratio 
bandwidth was calculated to be 11%, whilst the minimum axial ratio was observed over 
4% bandwidth.
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Figure 6.21 -  Axial ratio of the variable area antenna 
The radiation pattern of the variable area antenna is illustrated in Fig. 6.22 at 5GHz.
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F ftq u en cy  5 GHz
Figure 6.22 -  Radiation pattern of the variable area antenna
DISCUSSION
The antenna design showed that by efficiently controlling the power fed into the patches 
in a circular polarized travelling wave fed array, the quality o f CP can be further 
improved. In the design presented a minimum axial ratio o f 0.2dB was observed around 
the centre frequency, thus' indicating an enhancement in the quality o f the circular 
polarization.
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CHAPTER 7
CONCLUSIONS AND FURTHER WORK
7.1 CONCLUSIONS
In this research project new practical design data have been obtained relating to the 
effects of coupling between conductors in highly integrated, multilayer circuits working 
at millimetre and micro-wave frequencies. Simulated and measured data has been 
obtained on various cross-over and coupled line structures for different frequencies. 
Design rules have been developed to provide guidance to the circuit designer on the 
minimum spacing between conductors in a multilayer package, thus achieving an 
optimum compromise between good isolation and minimum package size. For the data 
presented a program in Java was written to enable the design engineer to obtain minimum 
spacing between conductors in a multilayer package.
The report has also introduced significant extensions to the novel concept of a travelling- 
wave-fed circular-polarization microstrip antenna, leading to five novel antenna 
structures. The proposed antenna structures satisfy the key requirements of modem 
communication systems by combining high functionality with a very compact structure. 
These requirements were met through the use of a multilayer circuit approach, which 
provides an inherently compact structure offering the opportunity to incorporate novel 
feeding mechanisms. The data obtained from the first part of the project were applied 
when designing the multilayer feeding techniques. The proposed structures have been 
verified through practical measurement, and supported by comprehensive theoretical 
analysis. The measured performance of the antenna was close to the predicted 
performance, indicating that the design technique was fairly robust.
The primary impact of the research work is that it has created an awareness of the cross­
talk problems that can occur in multilayer structures. Using a combination of 
electromagnetic simulation and practical measurements, the criteria for the optimum 
spacing of conductors has been established. This data are not currently available in the 
literature. However, only a limited selection of conductor geometries and materials 
parameters have been investigated, and further work is needed to produce more 
generalized guidelines. Similarly, it would be useful to obtain data over a wider range of
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frequencies. It was also found difficult to surface mount the chip terminations, and 
further experimentation on circuits with properly mounted terminations would be useful. 
Using the data for unwanted coupling, several new antenna structures were designed. The 
original antenna design by K.M Lum [1] was enhanced to obtain multi functional antenna 
designs, with beam steering capability. The antenna provided the capability of multiple 
polarizations, and such antennas do not currently exist in the literature. The antennas 
were constructed in a multilayer format giving the opportunity for radiation enhancement, 
using a layer of low dielectric material beneath the radiating patches. Previous work 
reported in the literature showed that the technique could be applied at 5GHz, and the 
work in this thesis has extended the frequency of operation up to 20GHz, thereby 
showing that the technique can be applied over a wide range of frequencies.
The combined work on unwated coupling and antennas will be useful for interconnect 
and packaging design for hybrid microwave integrated circuits (HMIC's) that needs size 
minimization, high performance, and low cost. This will have particular impact for 
designers of portable wireless equipment, where size and low cost are dominating 
parameters. The concepts in the new antennas could also be developed for use in satellite 
communication systems, since they are compact structures with a low profile offering 
high functionality.
In summary the main significance of the work has been:
(i) To establish new design rules for multilayer circuits.
(ii) To provide a new computer based package to identify minimum spacings
needed for given materials.
(iii) To establish the performance of new multi-functional antennas
7.2 FURTHER WORK
Possible work extensions have been identified for this research project as follows:
• Design of highly integrated multilayer transceivers. The antennas investigated 
offer significant potential for further integration, by closely coupling the front-end 
circuitry of a transceiver in a layer beneath the feed network.
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 Substrate Layer 1
Feed Line Configuration
 Substrate Layer 2
Substrate Layer 3
-Transceiver Circuitry
Figure 7.1 -  Multilayer transceiver configuration
Improvement of the novel antenna design by matching the patch impedance to the 
feed line, whilst controlling the amount o f energy coupled to the patches.
E nergy  o u t to  th e  \  
nox t p a tch  jE n erg y  in
E n erg y  c o u p led  to 
v  th e  pa tch  ..X
F e e d  Line
Figure 7.2 -  Coupling o f energy to the radiating patch
Development of a generalized design rule that unifies frequency, dielectric 
constant and dielectric separation thickness, to obtain minimum spacing for good
isolation between conductors in a multilayer circuit structure.
Dielectric Separation Thickness -  Function o f  (Operating frequency. Relative permittivity)
h = F(/,er)
Figure 7.3 -  Equation that unifies frequency, dielectric constant and dielectric 
separation thickness for unwanted coupling in multi-layer circuits
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• Investigation of the effect on microstrip line performance with the placement of
termination.
Chip TerminationBonding Pads
I Chip placed correctly on the
-I m i r r n s t r i n  line-
Microstrip Line
Position 3:
Chip placed with an offset on 
the microstrip line
Figure 7.4 -  Positions for chip placement 
Investigation o f the effect on the amount of conductor paste on a microstrip line.
Bonding Pads Chip Termination
Microstrip Line
Solder/Conducting silver 
epoxy paste
2 3 — "2
« |  <D
o  9
Figure 7.5 -  Placement o f solder/conductor paste 
Development of a new planar termination for use at millimeter-wave frequencies.
20-30pm  
gap ■
Bilateral Triangle with 
Resistive Thick Film Paste
CPW
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i 5CQ Microstrip Line
CPW to microstnp 
transition
R esistor P a s te  
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Bilateral Triangle with 
Resistive Thick Film Paste
5CQ Microstrip Line
CPW to micro strip 
transition
Triangular Patch with 
Resistive Thick Film Paste
(c)
Figure 7.6 -  Novel planar terminations at millimeter-wave frequencies 
Further development of the novel planar termination introduced in appendix [A.3] 
at microwave frequency to achieve a return loss below 30dB at the frequency of 
interest.
Ellipsical Patch formed with 
Resistor P aste
Rectangular Patch formed with 
Resistor Paste
Figure 7.7 -  Extensions to the planar termination
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A.I. SMA CONNECTOR PERFORMANCE
The SMA connector performance was examined at 20GHz. The test structure was a 50Q 
microstrip line, fabricated on Alumina ADS-96R with a substrate thickness h = 0.635mm and a 
permittivity o f 9.6. Several types o f SMA connectors working between 0-18GHz were tested, as 
illustrated in Fig. A. 1.1.
Figure A .l .1 -  Testing o f the SMA connectors at 20GHz 
The SMA Connector types tested were,
Sr *
Type 1 * SMA END LAUNCH JK 1.07mm, PCB, 0-18Ghz
Type 2 V ? SMA END LAUNCH BLKHD JK
*
A
Type 3 '* SMA Straight Connector for PCB Mount
-Jfe
Type 4 SMA Straight Connector for PCB Edge Mount.
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Simulation Results:
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Figure A. 1.2 -  Impedance o f the designed Microstrip Line at 20GHz
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Figure A. 1.3 -  S-Parameters o f the 50G Microstrip Line at 20GHz 
Measured Data:
S M A  C o n n e c t o r  P e r f o r m a n c e
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Figure A. 1.4 -  Return loss performance of the SMA connectors
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Figure A. 1.5 -  Through loss performance of the SMA connectors
It can be observed from Fig. A. 1.4, which the measured return loss is well below 15dB at 20GHz 
for all SMA connectors utilized. The measured through loss ranges below 0.5dB at the frequency 
of operation. Hence it was concluded that the SMA connectors were acceptable to test circuits 
working at 20GHz.
The best SMA performance can be listed as below:
1. Type 1 - SMA END LAUNCH JK 1,07mm,PCB,0-18Ghz
2. Type 2 - SMA END LAUNCH BLKHD JK
3. Type 3 - SMA Straight Connector for PCB Mount
4. Type 4 - SMA Straight Connector for PCB Edge Mount.
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A.2. MICROSTRIP LINE PLANAR TERMINATION
In addition to the termination mentioned in the report a novel planar microstrip line termination 
was investigated. The termination was made o f a bilateral triangular shaped resistive thick film 
paste, as illustrated in Fig. A.2.1. The concept o f the termination was to radiate the power at the 
end o f the microstrip line, thus the termination acting as an antenna. The resistive thick film paste 
was used create an extensive lossy media. The bilateral triangular planar termination has a side 
length w and is printed on a substrate o f thickness h and a relative permittivity sr.
Bilateral Triangle with 
Resistive Thick Film Paste
50D Microstrip Line
Where, W =
2 c
Figure A.2.1 -  Bilateral Triangular Planar Termination
c = Speed o f Light,/ =  Frequency o f Operation
3 /  V &
The test structure was fabricated on Alumina ADS-96R with the following parameters: substrate 
thickness h = 0.634 mm, substrate dielectric constant sr = 9.6. The planar termination was tested
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Figure A.2.2 -  Planar Termination Results 
As seen from Fig. A.2.2, good return loss below lOdBs is observed between 8.5GHz-12GHz. A 
better -15dB result was observed across the band 10GHz-12GHz. As future work the 
measurement results o f the termination with different shapes and areas can be compared, for 
example circular, square and elliptical loads to achieve a result with reflection lower than 30dB.
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
